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Detection of chemical species in physiological systems is of great importance in the 
research and investigation of human diseases. Fluorescence spectroscopy has proven itself 
as an essential tool for the study of targets in biological systems.  It is a reliable method for 
the semi-quantitative analysis of target analytes and provides a near unprecedented level of 
spatial and temporal resolution. As such, there is a need for increased specificity and new 
modes of detection within the field of fluorescent probes which drives research and 
development in the area. 
An introduction to the background of fluorescence is given herein, with explanations of the 
common mechanisms of fluorescence. Then, analytes that are commonly targeted for 
detection and probes that have been designed to target them are exemplified. Three 
research chapters follow, describing the design, synthesis and analysis of new probes 
developed throughout this thesis. Coumarin, fluorescein and TCF fluorophores are used as 
core units in each of the chapters formed. Probes that have been developed include MLGs 
for dual analyte “AND” detection, that require the presence of two species for a signal to 
be released. A coumarin-based triple analyte “AND” probe has also been developed that 
required the presence of Glutamate, Zinc2+ and peroxynitrite (ONOO-), which has the 
potential to detect diseased neurons in the brain. Single analyte TCF-based probes have 
also been developed for the detection of ONOO- and glutathione. A number of these 
probes have been studied in cellular systems and show great promise for use in the study of 
human disease and revealing important information between the relationships of chemicals 
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In this thesis, I present some of the work that I have completed while in Professor Tony 
James’ group at the University of Bath, on the development of fluorescent probes for the 
detection of biologically relevant species. This chapter covers the background concepts of 
fluorescence and fluorescence spectroscopy. It gives details on the design of fluorescent 
sensors, examples of important biological analytes and probes that have been developed to 
detect them.  
  
1.1 Fluorescence 
Fluorescence and phosphorescence are two types of photoluminescence.1 Defined as the 
emission of light from an electronically excited state, photoluminescence is an umbrella 
term used to describe many forms of light emission. The processes of fluorescence and 










In both processes, there is an initial excitation of an electron via an external light source. 
This promotes an electron into a higher vibrational level (S1 or S2). If the electron is in a 
higher energy state (S2) it relaxes down to the lowest vibrationally excited state (S1) via the 
process of internal conversion (IC). In fluorescence, this excited electron is still paired to 
Figure 1 – A Jablonski diagram showing the S0, S1 and S2 singlet energy levels and the T1 triplet level. 
Internal conversion (IC), intersystem crossing (ISC) leading to fluorescence and phosphorescence are depicted. 
 




the spin of the ground state electron (having an opposite spin) so the relaxation of the 
electron is allowed and happens very quickly (~10-12 s).2 In phosphorescence, spin 
conversion of the electron occurs as it undergoes intersystem crossing (ISC) from S1 to T1. 
When in the T1 state, transition of the electron back to the S0 state is now forbidden, 
because both electrons now have the same spin. This means that the process of 
phosphorescent relaxation from the T1 state takes significantly longer (~10
-2 s).1  
Many substances exhibit fluorescent properties.2 Once excited at a specific wavelength, the 
release of a photon at a different wavelength can be used as a reliable tool for semi-
quantative analysis of the detection of fluorescent molecules. This has led to the 
development of a myriad of techniques that harness fluorescent materials as indicators and 
analytical tools.3-7 
 
1.2 Harnessing fluorescence as a tool 
The process of fluorescence spectroscopy is defined as the controlled excitement of a 
chemical species at a specific wavelength (routinely in the UV region) that results in 
emission of an electron at a longer wavelength (typically in the visible-IR region).1 
Fluorescence spectroscopy is an analytical tool that can be employed for the detection of a 
wide array of chemical species through the use of fluorescent molecular probes.3 These 
Figure 2 – An image taken from an ovarian surgery operation, with the surgeons’ unaided view on the left and the use of 
a fluorescent surgical marker on the right. The probe is only activated in ovarian cancer cells and visually identifies the 
cancerous tissue that the surgeon needs to remove.13 
 




probes interact with a target analyte in a defined fashion to cause a fluorescence response. 
The molecular nature of these probes and our ability to precisely detect light signals using 
laboratory equipment, means this technology is very well suited for interrogating 
biological pathways.8 
Fluorescence analysis presents a non-invasive approach for the detection of specific 
chemical species in complex mixtures of potential targets. Detecting harmful chemicals 
within living systems, without destroying the system, offers huge benefits over many other 
detection methods. For example, mass spectrometry (MS) analysis requires the dissection 
of samples and their irrevocable alteration via the ionisation process.9 Electrochemical and 
chromatographic techniques are also destructive methods of analysis that offer limited 
insight into real time processes in complex systems. In addition, many reactive species are 
extremely short lived and most other methods of analysis are too slow to detect them.10 
Conversely, a correctly designed fluorescent probe, already present in the biological 
system, can interact directly with these short-lived species to give a visual response.10 
Fluorescent probes can provide us with whole sample analysis of living systems, with a 
near unprecedented level of spatial and temporal resolution being produced, due to their 
intrinsic sensitivity. It is for these reasons that fluorescent probes have been widely utilised 
for many biological applications. Fundamental biological research into complex reaction 
pathways within cells,5 detection of harmful pollutants,11 diagnostic tools for clinical 
analysis in hospitals12 and targeted surgical aids13 (Figure 2) are all modern uses of 
fluorescent probes that clearly demonstrate their value. 
 
1.2.1 Fluorescence terminology 
There are numerous specific terminologies that are used when analysing and describing 
fluorescence processes and this section describes some of the most important terms (in 
bold) required to understand the fluorescent process. * 
Stokes shift is the difference between the wavelength of excitation (absorbance 
wavelength, λabs) and the emission wavelength (λem) (Figure 3). Stokes fluorescence can 
result when the light emitted from the fluorophore occurs at a longer wavelength than the 
light absorbed (e.g. λem > λabs with Eabs > Eem). Anti-Stokes fluorescence results when the 
 




light emitted from the fluorophore occurs at a shorter wavelength than the light absorbed 








Fluorescence quantum yield (φF) is defined as the ratio of the number of photons emitted 
to the number of photons absorbed. A theoretically perfect value for a fluorophore would 
be 1, where all of the photons absorbed by a probe are re-emitted. However, not all 
photons are absorbed productively and thus quantum yields are typically lower than 1, 
fluorophores are typically still considered to be highly fluorescent even when they have a 
quantum yield as low as 0.1. 
Molar absorbance (ε) describes the ability of a compound to absorb light at a specific 
wavelength. ε is a part of the Beer-Lambert law (A = εcl), where (A) is absorbance, (c) is 
analyte concentration and (l) is the path length respectively. 
Bathochromic shift is the change in spectral band position in the emission spectra of a 
molecule to a longer wavelength. Hypsochromic shift is the change in shift in spectral 
band of a molecule to a shorter wavelength. Both these types of shift are normally 
associated with changes in molecular structure and/or solvent polarity (solvatochromism). 








Figure 3 – An example of the absorption and emission of a typical molecule with the Stokes shift highlighted.  
 




1.3 Design of fluorescent probes 
There are numerous ways to design chemical probes for specific fluorescence sensing 
applications, with a well-engineered probe required, if a targeted biological system is to be 
interrogated effectively. 
 
Classically, a three-component model has been used for the design of fluorescent probes 
for biological applications,14 consisting of a receptor unit, a linker unit and a reporting unit 
(Figure 4). The receptor unit binds to the target analyte to produce an interaction that is 
relayed through a linker unit to modify the fluorescent properties of the reporter unit. 
The type of interaction that occurs between the analyte and the receptor unit defines the 
nomenclature used to describe the probe. If the binding of the analyte to the probe is 
reversible, for example via non-covalent interactions, then the term used to describe the 
probe is a chemosensor. However, if irreversible changes occur when the analyte interacts 
with the probe, (e.g. via a chemical reaction occurring) then the correct term to describe the 
probe is a chemidosimeter. These definitions have been used in the literature to describe 
Figure 4 – General scheme of a sensor containing receptor (red), linker (green) and reporter (blue) units.  
Figure 5 – Diagram showing the mechanism of action of three types of probe interacting with an analyte to produce a 
fluorescent response.  









many different probes, with descriptions of the two types of sensor often having been used 
interchangeably in much of the recent literature. Therefore, for the ease of the reader, this 
thesis describes the former type of sensor as a ‘fluorescent probe’ and the latter type as a 
‘reaction based fluorescent probe’, respectively. Two sub-sections of reaction-based probes 
are known as bond cleavage probes and reaction cascade probes. Whereas, bond cleavage 
probes typically require only a single reaction for the fluorescent signal to be generated 
(Figure 5), a reaction cascade probe requires more than one reaction to take place to 
produce a fluorescence response. The receptor units used in reactive probes are often 
described masking units, since they “mask” the fluorophore unit until a cleavage event 
occurs in the presence of the target analyte. 
 
1.3.1 Receptor unit 
The selectivity of the receptor unit is a crucial part of probe design, with a reliable, highly 
specific and easily modified chemical unit representing the ideal receptor. The receptor 
should ideally minimise off-target interactions, give a low detection limit and be easily 
modifiable in case structural alterations are needed. Additionally, the receptor, or reactive 
Figure 6 – Structures of a variety of receptor units that have been used as fluorescent probes. Cyclen and 18-crown-6 
through metal coordination, azides can react with H2S, acrylic esters can undergo conjugate addition reactions with 
cysteine residues, benzil groups react with H2O2.  
 




chemical trigger, needs to be non-toxic so that any side products of the binding event (or 
reaction) that occur, do not interfere with the system being studied. 
The design of receptor units varies hugely (Figure 6), with many chemical units having 
been designed to specifically target biologically important species within cellular 
environments. For example, many cyclic structures have been shown to reliably and 
reversibly bind metal ions, which occurs through donation of electron density from a 
heteroatom (typically nitrogen or oxygen) to a positively charged metal ion that results in 
the formation of a stable metal complex.15 
Two popular examples of macrocyclic sensors are cyclen ring systems containing multiple 
nitrogen atoms and 18-crown-6 ethers ring systems that contain multiple oxygen atoms. 
Lemercier has used cyclen for the detection of Zn2+ ions using an azaxanthone fluorophore 
in probe 1 (Figure 7).15 
Alternatively, an azide moiety has been used by Chang et al. as a reliable reactive unit for 
the detection of hydrogen sulfide (H2S).
16, 17 A chemical reaction occurs between the two 
groups that results in the reduction of the azide and oxidation of the H2S. An amino-group 
is generated, resulting in activation of the fluorophore.  
Boronic acids and boronic acid pinacol esters (Bpin) have been used extensively as 
receptor units for sensing applications in vivo.18 They are capable of binding diol motifs 
and reacting with reactive oxygen species (e.g. peroxynitrite, Figure 8, A & B).  
Figure 7 – Example of a probe (1) developed by Lemercier et al. that uses a cyclen receptor group to activate a 
fluorescent unit.   
1 
 






The coordination of diols to boronic acids has been used for the detection of carbohydrates 
since the early 1990’s.18 Boronic acid binds to a diol in an equilibrium system consisting of 
a trigonal planar boronic acid and a tetrahedral boronic acid (Figure 8, C). These are 
formed from either the planar neutral boronic acid molecule or the tetrahedral anionic 
boronic acid. The rate of formation of the tetrahedral ester (Ktet) is generally five orders of 
magnitude larger than that of the planar alternative (Ktrig).
57 This results in favourable 
binding between a carbohydrate and boronic acid group occurring at a higher pH level. 
 
Figure 8 – (a) Coordination of a boronic acid 2 with a 1,2-diol produces a cyclic boronic ester 3; (b) Reaction of an aryl 
boronic ester 4 with peroxynitrite affords an ‘ate’ complex 5 that decomposes through 6 to form phenol 7 and boronic acid 
















Anthracene based sensors 8 and 9 (Figure 9) are two early examples of sensors that 
employed the boron functionality to bind carbohydrates.18 Binding of the sensor to a 
vicinal diol unit of a sugar (e.g. glucose) results in their fluorescent anthracene moieties 
being turned ‘on’ (mechanism discussed in the following section). 
 
1.3.2 Reporter unit 
The reporter unit is the fluorophore component of the probe. Numerous variables need to 
be considered when choosing a suitable fluorophore for a new sensor. Firstly, it is 
important that the fluorophore is non-toxic at the relevant sensing concentrations, to 
prevent damage to the biological system. Secondly, a probe with the right excitation / 
emission wavelengths for non-invasive imaging in cellular systems need to be used, with 
both parameters normally within the NIR or visible region. Irradiation of tissue with light 
from other regions of the electromagnetic spectrum (EMS) can potentially cause photo-
damage to the tissue being irradiated.5 









The fluorophore must also have a suitably high level of optical brightness (φF), so that the 
probe is easily distinguishable from any background fluorescence, with a low limit of 
detection meaning that a small quantity of probe can be used for sensing. Also, to be used 
in cellular studies, the fluorophore must have the correct balance of hydrophilicity and 
lipophilicity, ideally exhibiting good ‘drug-like’ properties. This enables effective transfer 
of the probe in cellular environments and allows the probe to pass more easily through cell 
membranes and increase cellular retention times. A wide range of different fluorescent 
molecules have been harnessed for use as chemical probes (Figure 10), whose mechanism 
of action is included the following sections.2 
 
  1.3.3 Linker unit 
The linker that binds the receptor and the fluorophore must also be precisely designed, 
with respect to linker length, flexibility and its electronic properties, with an optimal linker 





Figure 10 – A selection of commonly used fluorophores that have been used for fluorescent sensor design.   
 




1.4 Fluorescence sensing mechanisms 
Four important mechanisms that are commonly used as the basis of fluorescent probes will 
now be described, namely: Photoinduced Electron Transfer (PET), Förster Resonance En-
ergy Transfer (FRET), Internal Charge Transfer (ICT), and Excited State Intramolecular 




Photoinduced electron transfer (PET) is one of the most widely utilised mechanisms har-
nessed for use in fluorescent probes. The process of PET involves excitation of an electron 
from the highest occupied molecular orbital (HOMO) of a fluorophore to its lowest unoc-
cupied molecular orbital (LUMO). An electron from the HOMO of an ‘unbound’ receptor 
then moves to fill the HOMO of the fluorophore,20 with this transfer event resulting in flu-
orescence quenching. The excited state electron in the LUMO of the fluorophore can then 
returns to the ground state via a non-radiative pathway (Figure 11). 
 
An essential requirement for this process to take place is close matching of the HOMO en-
ergy levels of the fluorophore and the unbound receptor, with the HOMO of the receptor 
being at a slightly higher level to allow movement of electrons to the HOMO of the fluoro-
phore. An alternate state for the PET sensor occurs when the receptor is bound to the ana-
lyte which lowers the energy of the HOMO receptor and stops the quenching process. This 
results in radiative relaxation of the excited state electron in the fluorophore resulting in the 
probes fluorescence being turning ‘on’. 
Figure 11 – An electronic diagram of the PET process (left) with the free (unbound) receptor quenching the fluorophore.  
 





One of the best examples of a fluorescent probe using a PET mechanism is based on a bis-
boronic acid that can be used to sense diol units on saccharides such as glucose or fructose. 
For example, Shinkai et al. developed sensor 9 that employed a PET mechanism for the 
detection of diol-containing saccharides in the early 1990s (Figure 12).19 The lone pairs of 
the nitrogen atoms of the sensor 9 were found to quench the fluorescence of the anthracene 
fluorophore unit in its unbound state. Binding the diol motifs of one or two saccharide 
units to the boronic acid units of 9 resulted in the lone pair electrons of the nitrogen atoms 
hydrogen bonding to water molecules to generate their corresponding boronate anions. 
This results in loss of PET quenching of 9, permitting the fluorescence of the anthracene 
HL 
Figure 13 – A diagram depicting the mechanism of the PET quenching process of probe HL, with binding of an Mg2+ ion 
resulting in the quenching process being eliminated, which results in fluorescence being turned on. 
Figure 12 – A diagram depicting the mechanism of the PET process responsible for quenching the fluorescence of probe 9 
and the PET quenching process that is stopped from binding of a diol saccharide unit to the boronic acid fragment, which 
turns on, allowing the fluorescence of the anthracene unit.  
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unit at 423 nm, when the sensor was excited at 370 nm. 
In another example of a PET sensor, Yang et al. used a Schiff base derivative to develop a 
turn on fluorescent probe for Mg2+ ions (HL, Figure 13).21 The nitrogen lone pairs of this 
sensor result in PET quenching of the fluorophore, with chelation of the Mg2+ ion then 




   1.4.2 FRET 
Förster resonance energy transfer (FRET) is a process where two or more fluorophores can 
exchange their energies via long range dipole-dipole resonance interactions.20 The main 
parameter influencing FRET is the ability to close match the energy levels of each of the 
fluorophores by bringing them together in close proximity (1 – 10 nm) (Figure 14). 
 
The FRET process begins with the donor fluorophore being excited to a higher S1 energy 
level, with the excited electron then relaxing slightly to the lowest vibrational state of the 
higher energy level, through ab internal conversion process. When the FRET acceptor is 
not close enough to the donor, this excited electron then decays back to the ground state, 
via a normal fluorescence process. The FRET acceptor has HOMO and LUMO orbitals 
Figure 14 – A diagram depicting the mechanism of the FRET process. Initial excitation of the donor fluorophore is followed 
by relaxation to the lowest vibrational excited state of S1 via internal conversion. A FRET process can then occur via energy 
transfer from the FRET donor to the FRET acceptor, which is caused by the similarity of their energy levels and their close 
proximity.  
 




similar in energy to that of the donor. Therefore, once excited, the FRET donor can transfer 
energy to the FRET acceptor through a non-radiative dipole-dipole coupling mechanism. 
The efficiency of this energy transfer process is inversely proportional to ×106 the distance 
between the two FRET units. The use of a fluorescence diagram is a popular method to 
depict the required emission overlap and excitation bands of the two donor-acceptor 
components (Figure 15).  
 
The use of this process is advantageous relative to other probes, since it can be reliably 
used to detect the distance between the FRET donor & acceptor pair.22 Also, due to the 
transfer of energy from the excited state of the donor, the fluorescence intensity of 
Figure 15 – A pictorial diagram of the spectral overlap required between the donor emission and the acceptor excitation 
peaks that is required for FRET to occur.   
Figure 16 – A diagram of a FRET sensor used for detecting Hg2+, depicting DRh in its unbound FRET off state and DRh-Hg2+ in 
its FRET on states.    
DRh 
 




emission of the donor decreases, as the excitation and emission of the acceptor increases, 
which allows a ratiometric relationship between the two emission peaks to be determined. 
Li et al. used a fluorescent FRET based molecular probe (DRh)for the detection of 
mercury ions (Hg2+) in water and living cells (Figure 16). A dansyl group was used as the 
donor and a rhodamine group as the acceptor, with the presence of Hg2+ ion resulting in 
ring-opening of the spirolactam ring of the rhodamine that results in a FRET process taking 
place. 
Another example of the use of FRET in a fluorescent molecular probe is the work of Xing 
et al. who developed a FRET probe for proteolytic activity on cell surfaces (MFP).23 This 
probe used a fluorescein donor and a dabcyl (4-(dimethylaminoazo)benzene-4-
carboxamide) quencher, linked via a hexanoic acid and an enzyme active cleavable peptide 
(RVRRSVK). Upon enzymatic cleavage of the peptide linker by furin, the two units of the 
probe are separated, resulting in the fluorescence of the fluorescein unit being turned on 
(Figure 17). 
Figure 17 – A diagram of the FRET quenching that occurs in the probe MFP, with enzymatic cleavage of the quenching 
Dabcyl group by Furin, which results in the fluorescence of the fluorescein unit being turned on. 
MFP 
 





Internal charge transfer (ICT) is another mechanism used in the production of fluorescent 
molecular probes, which relies on intramolecular movement of charge. The main 
requirement for the occurrence of ICT in a system is the presence of both electron donating 
and electron accepting groups, which are commonly referred to as “push-pull” groups.20 
Excitation causes promotion of an electron in a locally excited state (LE) to an ICT state, 
which results in a substantial change in the dipole moment of the molecule. The ICT state 
offers a different, lower energy pathway for relaxation of the electron via a longer 
wavelength emission (Figure 18). Charge separated species are very sensitive to their 
environment, including the polarity of the solvent system, counterions in solution and their 
ability to participate in hydrogen bonding. Binding a receptor unit to either one of these 
groups can cause a change in the excitation / emission spectra that results in a ratiometric 
response to a specific analyte.24 
Bharadwaj et al. employed an ICT process to develop a probe (LP) for the detection of 
Zn2+,25 consisting of a benzothiazole electron acceptor unit and a terpyridine unit as an 
electron donor (Figure 19). The terpyridine unit binds to cationic Zn2+ which electron 
lowers the energy of the ground state, resulting in a blue shift to the probe fluorescence. 
 
 
Figure 18 – Representation of the energy potential of the fluorophore in the LE and ICT state, with a bathochromic shift 
in the ICT state represented by the shorter red emission, relative to a larger green emission.   
 





Lin et al. have recently reported an example of using an ITC fluorescent probe PBD-FA 
for the detection of formaldehyde (Figure 20).26 This probe uses a benzoxadiazole 
fluorophore as the core unit, which contained an electron deficient homoallylamino group 
that is reactive towards formaldehyde. This reactive unit undergoes condensation with 
formaldehyde, followed by a 2-aza-Cope rearrangement and sequential hydrolysis, to form 
an active aldehyde fluorophore. 
LP 
Figure 19 – ITC mode of action of the Zn2+ probe LP.  
PBD-FA 
Figure 20 – Schematic of the cascade reactions that occur when the PBD-FA probe reacts with formaldehyde to afford a 
fluorophore.   
 





Excited state intramolecular proton transfer (ESIPT) is a process whereby an electronically 
excited molecule relaxes through a tautomerisation event involving the movement of 
protons.20 Typically, for this to occur, the sensor must contain an intramolecular hydrogen 
bond (HB) between a hydrogen donor (-OH or -NH2) and a hydrogen bond acceptor (=N-, 
C=O). A popular method of incorporating ESIPT, involves the keto-enol tautomerisation 
of molecules such as 2-(2-hydroxyphenyl)benzothiazole (HBT) (Figure 21). 
 
 
ESIPT is a four-level electron process, with the lowest energy state existing in the enol 
form. When excitation occurs, electron density shifts within the molecule resulting in the 
acidity of the HB donor group increasing, which coincides with a simultaneous increase in 
the basicity of the HB accepting group. This results in very rapid tautomerisation event 
between the enol and the keto forms of the fluorophore, with the keto form radiatively 
decaying to its ground state via a process of reverse proton transfer (RPT) to afford the 
original ground state enol.20 
Figure 21 – Diagram of an ESIPT process that relies on the keto-enol tautomerisation of HBT with the emission of the 
keto form lower in energy (longer wavelength) than its enol form.  
 




These electronic properties give ESIPT distinct advantages over other forms of 
fluorescence, because they result in a much larger Stokes shift when compared to ICT, 
whilst the two tautomeric forms also enable a ratiometric response to be determined.27 
Fluorescent ESIPT probes typically function by blocking the HB donor site with a reactive 
receptor unit that can be cleaved by an analyte to reveal a fluorophore unit. An example of 
an ESIPT fluorophore used as a “turn off” probe (10) was developed in 2016 by Kim et al.  
with blocking of emission from the ESIPT process occurring through binding of a Zn2+ ion 
(Figure 22).2 
A second example of an ESIPT probe with a dual output mode was developed by Yang et 
al. for the detection of fluoride ions, probe 11.28 Fluoride sensitivity is gained using a tert-
butyldiphenyl silyl group to block a HB donor -OH group that is then cleaved upon 
exposure to fluoride ion (Figure 23). The characteristic dual emission of the two tautomers 
of the fluorophore enabled the probe to be used as a ratiometric sensor. Initially, emission 
of the unreacted probe occurs at 416 nm, however, addition of aliquots of fluoride ion 
results in a decrease in this emission. O-silyl cleavage results in the emergence of a new 
longer wavelength emission corresponding to its keto form at 560 nm. 
Figure 22 – Diagram of the on-off Zn2+ sensor 10 where binding action of zinc blocks the ESIPT process.   
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1.5 Biological targets for fluorescent probes 
A myriad of potential targets for fluorescent probes exist in biology, with the need to 
measure the existence, concentration and movement of specific analytes, ever-present for 
monitoring human health. Metal ions, amino acids, peptides, small molecules, reactive 
oxygen and reactive nitrogen species (ROS & RNS) can all serve as analytes that can be 
detected by chemical probes. In addition to detecting these individual species, cellular and 
physiological events can also be targeted, including changes in DNA and protein folding 
and variance in intracellular and extracellular pH levels. 
A representative selection of different analytes will be discussed in the following section, 
with the reasoning and method employed for their detection described. 
 
1.5.1 Metal ions 
Metal ions are essential components in biological systems that play vital roles in the 
healthy functioning of cells.30 Iron is present in haemoglobin, potassium and calcium are 
used as signalling ions and the use of manganese as a cofactor in superoxide dismutase are 
some of the many examples of the roles that metals have in the body. 
Figure 23 – Diagram of the dual emission sensor 11 of for the detection of fluoride.  
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Tight regulation of the concentration of metals in the body is essential, with lack of a 
specific metals leading to deficiency, while overabundance leads to toxicity.30 
Dysregulation of metal ions occurs in many diseases, including neurodegenerative diseases 
(Zn2+),31 diabetes (Ni2+)32 and cancer (Fe2+),33 so an understanding of how metals are used 
and regulated in the cell is of great interest. Accordingly, many fluorescent probes have 
been successfully developed for the detection of metal ions. 
 
ChromiumIII (Cr3+) is an essential trace metal that has been found to have an important role 
in the metabolism of fats, proteins and nucleic acids, with perturbed levels of this metal 
indicating an increased risk of cardio vascular disease (CVD) and type two diabetes. This 
has led to the development of a fluorescent probe by Huang et al. (FD8), that used a FRET 
based approach using a 1,8-napthalimide donor and a rhodamine acceptor (Figure 24).34 
Upon binding of the CrIII ion, the spirolactam unit of the rhodamine ring opens which 
results in the FRET process being turned on and a ratiometric response. 
Mercury (Hg) is well known as being a toxic metal in biological systems, with 
methylmercurial compounds known to be some of the most toxic organometallic species 
known. Pitchumani et al., have developed a fluorescent probe 12 for the detection of 
mercury that employs a twisted internal charged transfer (TICT) based mechanism (Figure 
25).35 Binding of the Hg2+ ion is achieved via a dansyl group which has a quenching effect 
on the probe, whilst also bathochromically shifting probe emission from 496 nm to 514 
nm. 
Figure 24 – Detection of Cr3+ using the FRET probe FD8.  
FD8 
 





1.5.2 -Amino acids 
Tracking the presence and localisation of -amino acids (AAs) within cells can afford 
important information on their role, and the success of potential treatments, in disease. 
There are numerous ways that changes in amino acid levels can disturb the healthy 
functioning of cells. Cysteine (Cys) for example is an amino acid that is known to be 
deficient in several disease states, including edema,36 lethargy and liver damage. 37,38 
Therefore, there is a desire to study and monitor the presence of specific amino acids in 
biological settings and many examples of fluorescent probes for this purpose have been 
developed. 
Yoon et al. have described the development of a fluorescent sensor 13 for the detection of 
lysine (Lys) (Figure 26),39 involving a pyrene fluorophore functionalised with aldehyde 
and phenol groups. Selective reaction of the aldehyde group of the sensor with the amino 
Figure 25 – Diagram of the TICT process that occurs when the probe 12 binds to Hg2+ which causes a change in 
fluorescence response.   
12 
Figure 26 – Colour change observed when a pyrene-based sensor is exposed to lysine.   
13 
 




group of Lys results in a Schiff base that is stabilised by the -amino group of the Lys. 
This binding event results is a colour change of the sensor from yellow to pink, that was 
seen to be visible to the naked eye. 
Glutamate has been observed in unusually high levels in several diseases and health 
problems, such as stroke, amyotrophic lateral sclerosis and Alzheimer’s disease (AD). Lee 
et al. have developed a sensor 14 for the detection of glutamate using an on-off PET 
quenching mechanism caused by the HB donor activity of the thiourea fragment (Figure 
27).40 The unbound sensor has an emission peak at 413 nm that is gradually turned off 
















Figure 27 – PET quenching of fluorescent output of sensor 14 by glutamate.  
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1.5.3 pH sensing 
The pH (H+ concentration) of a cellular environment is an important variable controlling 
the balance of healthy cell function, playing vital roles in cellular processes such as 
apoptosis, ion transport and muscle contraction.41 Fluctuations in pH levels regulate many 
cellular processes,42 with abnormal pH levels observed in diseases such as cancer and 
inflammation. 43,44 Accurate measurement of the pH value within cells and specific 
organelles is therefore a highly desirable tool in biological research, with fluorescent 
probes providing a highly efficient method for monitoring the pH in cells and tissues in 
vivo.42 
One such example was developed by Jullien et al, who employed a 2-(4-pyridyl)-5-
aryloxazole 15, appended with donor and acceptor units to allow an ICT type fluorescence 
mechanism to operate under pH control. The probe contains a central oxazole unit 
substituted with a methoxy (-OMe) group and a 2-aminopyridyl group that has a pKa of 6.9 
(Figure 28).45 This sensor provided a ratiometric response to change in pH levels, 
corresponding to the relative amounts of free and protonated amine that exist at different 
pH levels. Both species were fluorescent and exhibited similar φF values, with the free 
amine sensor having an emission at 465 nm, with the protonated version of the sensor 
bathochromically shifted to 530 nm, upon excitation at 335 nm. 
Figure 29 – Structure of the AP-CY probe.  
AP-Cy 
Figure 28 – A ratiometric sensor 15 for determining pH. 
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An et al. have developed a PET based NIR pH probe based on a cyanine structure (AP-Cy, 
Figure 29), which incorporates a three amino phenol group into a cyanine core.48 Varying 
the pH causes shifts in the absorption spectra of the compound, absorbing at 558 nm at pH 
3.58, whilst two absorptions at 453 nm and 750 nm were observed at pH 7.07 and 10.50, 
respectively. Unlike other fluorescein-based pH probes, a strong increase in fluorescence 
was observed at low pH values, which is due to protonation of the nitrogen atom blocking 
the PET process. This sensor was shown to be very useful for the study of acidic 
organelles, as there was a greater than tenfold increase in fluorescence intensity over a pH 
range from 4.0-6.5. AP-Cy was observed to be cell permeable and so could be used to 
monitor pH variation in human hepatocellular liver carcinoma cell lines (HepG2). 
 
1.5.4 ROS /RNS 
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are two highly 
reactive chemical species that are produced in cellular environments as a part of normal 
cellular life cycle processes.46 The function of these highly reactive species ranges from 
cell defence, cell proliferation and regulated cell destruction (apoptosis).47,48 Due to the 
reactivity of these chemicals, their production is normally highly regulated, so they are 
kept at a low concentration. However, when there is an unregulated increase in their 
production, antioxidants that are responsible for countering their negative effects are 
overwhelmed and the cell starts to undergo damage. The highly oxidising nature of these 
ROS / RNS species can result in irreparable damage to other important biomolecules, such 
as proteins, DNA and carbohydrates.49 Eventually, this damage can cause mutation, 
disruption of cellular functions and causes disease. Consequently, oxidative stress has been 
associated with a wide range of different diseased states. Alzheimer’s disease,50 cancer,51 
type two diabetes52 and cardio vascular disease53 are all examples of disease states where 
ROS / RNS are present in higher concentrations than normal. This gives a compelling 
driving force for the development of fluorescent probes to detect and quantify their 
occurrence in healthy and diseased cells. These reactive oxygen species are often very 
short lived (hydroxyl radical half-life ~10-9 s)46 and are hard to detect via non-fluorescent 
methods (Section 1.2). Therefore, fluorescent probes are attractive as a tool specifically for 
ROS / RNS. A selection of probes for different ROS/RNS species are discussed in the 
following section.  
 




  1.5.4.1 Superoxide 
Superoxide (O2•
-) is a ROS that is commonly referred to as the “primary” ROS, as it reacts 
quickly in the cellular environment to generate other ROS / RNS. O2•
- is produced mainly 
in the mitochondria through the reaction between molecular oxygen and respiratory 
enzymes such as xanthine oxidase.56 O2•
- can react directly with intracellular biomolecules 
causing damage that has been implicated in aging57 and inflammation.58 Yang et al. have 
developed a fluorescent sensor for the detection of O2•
-
 using an ICT based tetrafluoro-
fluorescein probe containing two -OH groups masked as trifluoromethanesulfonate 
moieties (HKSOX-1).59 O2•
-
 undergoes nucleophilic attack at the 
trifluoromethanesulfonate groups to give free phenol groups (Figure 30) which results in 
ring opening of the fluorescein fragment to turn on its fluorescence. 
Another, extremely sensitive and cell permeable fluorescent probe (Hydro-IR-676) for the 
detection of O2•
-
 was developed by Kundu et al. which employs a reduced cyanine dye 
structure that is both non-fluorescent and cell permeable. Subsequent oxidation of the 
probe by O2•
-
 affords a non-cell permeable cyanine dye that is highly fluorescent (Figure 
31).60 
Figure 30 – The fluorescence of probe HKSOX-1 is turning on upon exposure to O2•-. 
HKSOX-1 
O2•- 
Figure 31 – Hydro-IR-676 reacting with O2•- to form the fluorescent cyanine dye.  
Hydro-IR-676 
 




1.5.4.2 Hypochlorous acid/ hypochlorite 
Hypochlorous acid (HClO) and its conjugate base, the hypochlorite anion (ClO-) are 
another type of ROS, which exist at physiological pH due to their weak acidic natures. 
HClO/ClO- is produced via myeloperoxidase (MPO) enzyme65 in leukocytes, from the 
reaction between hydrogen peroxide (H2O2) and chloride (Cl
-) and is essential for a 
number of vital cell functions, including cell defence and signalling.61 However, a number 
of diseases occur where levels of HClO production are known to be unregulated causing 
harm, including multiple sclerosis61 and rheumatoid arthritis (RA).63  
HClO/ ClO- has been shown to have specific reactivity towards p-methoxyphenol groups 
transforming them into benzoquinone units, with Yang et al. harnessing this reactivity to 
develop a fluorescent probe 16 for the detection of HClO/ ClO-.64 The sensor, in its 
deactivated state, is comprised of a p-methoxyphenol derived BODIPY (Section 1.3.2) 
which is fluorescence quenched via a PET mechanism. HClO/ ClO- reacts with the p-
methoxyphenol group to form a benzoquinone bound group which results in the loss of 
PET process and the fluorescence response of the BODIPY unit being turned on (Figure 
32). 
Yu et al. developed another fluorescent probe 17 for the detection of HClO / ClO- using a 
coumarin fluorophore appended with an oxime as a reactive unit,65 with a PET quenching 
mechanism operating in the parent probe to turn-off its fluorescence. The weakly 
fluorescent probe then reacts with the HClO/ClO- which results in its oxime unit being 
oxidised to a nitrile (C≡N) group. This conversion results in the PET process being 
blocked and a seven-fold increase in the fluorescence intensity of the BODIPY unit 
(Figure 33).  This sensor was found to be effective in stimulated macrophage cell lines that 
Figure 32 – BODIPY based sensor 16 for the detection of HClO / ClO- via deprotection of the p-methoxyphenol group to 
afford a quinone unit. 
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produce MPO (the precursor of HClO / ClO- in cells) affording a fluorescence response 
that was visible in cellular imaging studies. 
 
   1.5.4.3 Hydroxyl radical 
The hydroxyl radical (HO•) is a ROS that is produced biologically via the non-enzymatic 
Fenton reaction of H2O2 and Fe
3+. Free Fe3+ being produced from reaction of O2•
-
 with 
[4Fe-S] containing enzymes.66 The unstable nature of radical species means that the half-
life of HO• is very short (<1 ns),67 which can react proteins and DNA in the immediate 
vicinity.  
One of the effective ways to target HO• is to use a reactive nitroxide unit in the presence of 
a small amount of dimethyl sulfoxide (DMSO) in the buffer system (0.1 %). The HO• 
radical reacts quantitatively with the DMSO in solution to produce a methyl radical (CH3
•) 
that can react selectively with a nitroxide group. Bi et al. used this reactivity profile to 
design several probes based on a core rhodamine fluorophore structure, including a mono-
nitroxide example (18, Figure 34).68 When the CH3
• reacts with the nitroxide radical of the 
Figure 33 – Oxime based coumarin based sensor 17 for detecting HClO / ClO-.  
17 
Figure 34 – Turn on response of 18 in response of HO• in the presence of DMSO. 
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probe it causes cessation of an intramolecular quenching process. The low pH of this assay 
(4.0) then allows the opening of the spirolactam of the rhodamine sensor, resulting in a 
>400 increase in fluorescence response. 
Another interesting example of a probe for the detection of HO• was reported by Song et al. 
based on hybridisation of two fluorophore structures with a coumarin aldehyde being 
condensed with an indolium fragment to form compound 19 with a fluorescent coumarin 
fragment (emission at 495 nm),69 and a cyanine fragment whose fluorescence is 
deactivated by an ICT mechanism (Figure 35). Upon addition of HO• to the system, there 
is a ratiometric response by the probe, with a decrease in the emission at 495 nm and an 
increase in emission of a bathochromically shifted peak at 651 nm, resulting from 
oxidation of the cyanine fragment that results in a fully conjugated system. 
 
 
1.5.4.4 Singlet oxygen 
Singlet oxygen (1O2) is a molecule of oxygen (O2) that has been excited to a higher 
electronic state, which is a ROS species that can cause extensive damage to DNA, proteins 
and enzymes.70 In addition, 1O2 is increasingly used as a therapeutic agent in photodynamic 
therapy (PDT),71 which is an emerging cancer treatment that uses photo-irradiation and 
light sensitive molecules (photo-sensitizers) to directly produce 1O2 in cellular 
environments. Once produced, this 1O2 can cause oxidative damage to the local 
environment and kill cancerous cells. Probes that can be used to study the mechanism by 
Figure 35 – Oxidation of probe 19 by a hydroxyl radical results in activation of the cyanine segment of the probe and a 








which process works, as well as the diffusion of the 1O2 in cells is essential to understand 
the risk and benefits of this method. 
 
Majima et al. have developed a long wavelength 1O2 probe, comprised of a 9,10-
dimethylanthrancene (DMA) group bound to a silicon-containing rhodamine (Si-
rhodamine) unit (Si-DMEP, Figure 36). The DMA group acts as a diene receptor unit, 
with the 1O2 reversibly adding across the central benzene unit via a [4+2] cycloaddition 
reaction. This reaction stops the PET quenching of the DMA to the Si-rhodamine fragment 
causing a turn-on fluorescence response. Si-DEMP shows a very weak emission at 640 nm 
and a dramatic increase when exposed to 1O2 in whole cell systems. 
 
1.5.4.5 Ozone 
Ozone (O3) is an allotrope of oxygen that is much more reactive than a standard O2 
molecule, which is produced from the reaction of O2 with UV light.
72 This process is 
Figure 36 – Trapping of the 1O2 by the sensor Si-DEMP and the fluorescence response.  
Si-DEMP 
20 
Figure 37 – Wang’s (20) and Ma’s (21) probes for O3 using the reactivity of but-3-enyl group.  
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known to occur in the upper atmosphere which protects the Earth from harmful UV light 
emitted by the sun. However, when generated in biological systems, O3 is known to be 
highly toxic.73 It was thought that risk from O3 to health was minimal, until recent work 
demonstrated that there was a mechanism for its production in the body. Antibodies in the 
human immune system have been shown to catalyse the production of O3 and dihydrogen 
trioxide (H2O3) from 
1O2 as cell defence mechanisms.
74 
One of the common methods to detect O3 is to use but-3-enyl, a terminal homo-allyl 
branch, that reacts with the O3 to cleave the butene group, to liberate a free phenolic unit. 
This approach has been used by Ma et al. and Wang et al. to produce probes 20 and 21 for 
O3 based on ICT and ESIPT based fluorophores, respectively (Figure 37).
75  
Another method used by Tang et al. for the detection of O3 employed an L-tryptophan 
(Trp) fragment as a receptor unit on a probe 22 (Figure 38),76 which produces a ring 
opened analogue that turns on a TICT process which turns on the fluorescence response of 







Figure 38 – A non-radiative TICT probe for the detection of O3. 
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1.5.4.6 Nitric oxide 
Nitric oxide (NO• / NO) or nitrogen monoxide, is a small signalling molecule with a single 
electron (radical) that has a short half-life (<1 s),77 which is used throughout the human 
body in many different environments, including for the control of vascular tone and 
platelet aggregation.78 It is primarily produced in the body through a catalytic pathway 
involving NO synthase (NOS) catalysed reaction of amino acids with oxygen and reduced 
nicotinamide-adenine dinucleotide phosphate (NADPH).77 
It may also be produced non-enzymatically, from several pathways that involve the 
reduction of nitrite (NO2
-) under acidic conditions, with the importance of NO in so many 
biological pathways and its short half-life making it an important target for fluorescent 
probes. 
 








The most popular method used to design probes to detect NO involves the use of o-
phenylenediamine as the receptor group. The di-aniline functionality reacts with NO to 
produce a benzotriazole ring system with lower electron donating ability that turns off its 
PET quenching process to an attached fluorophore. Two examples of this type of probe 
have been developed by Nagano et al. and Zhang et al. that contain a fluorescein (23) and 
a BODIPY base (24), respectively (Figure 39).79 Both probes work based on the 
selectivity of the o-phenylenediamine fragment with the PET process being blocked by 
reaction with NO to turn on the fluorescence.  
Another method for the detection of NO relies on an N-nitrosation reaction between NO 
and p-phenylenediamine to cause a fluorescence response. The mechanism relies on 
quenching of the PET process present in the unreacted probe. Lui et al. used this 
mechanism to make a phenyl-coumarin based probe for NO (25, Figure 40), which was 
able to detect endogenous and exogenous NO in living cells and a live mouse model.80 
 
1.5.4.7 Hydrogen peroxide 
Hydrogen peroxide (H2O2) is the simplest peroxide compound which in its neutral form is 
a weak oxidant and as a nucleophile that plays a vital role in numerous cell functions, such 
as respiration, immune response and cellular signalling.81 The relatively low reactivity of 
Figure 41 – H2O2 reacting with phenylboronic acid to produce phenol and boric acid. 








H2O2 (relative to other ROS) allows it to move around the cell and permeate through cell 
membranes allowing for the damage of a larger range of biological structures. Irregular 
levels of H2O2 have been observed in neurodegenerative diseases,
81 inflammatory diseases 
and cancers.83,84  
The most widely used mechanism for the detection of H2O2 involves the reactivity of 
peroxide towards aryl boronate moieties (Figure 41).85 HO2
- is the anionic form of H2O2, 
which is a strong nucleophile that can attack the empty p-orbital of a boron atom to form a 
tetrahedral anionic boronate species. A bond migration can then occur to transform a 
carbon-boron bond into a more stable boron-oxygen bond, resulting in an unstable borate 
species that can be hydrolysed rapidly.  
 
Some of the most popular and successful probes for H2O2 have been developed by Chang 
and co-workers, who employed boronic acid pinacol ester groups attached to a range of 
xanthene-based fluorophores to produce several turn-on probes.86-89 Two of these probes 
(PF1 & PR1, Figure 42) exhibited a particularly strong response to the presence of H2O2, 
with an increase of over 1000 times relative to the “off” state of the sensor. These probes 
showed very good cellular permeability and were used to visualize H2O2 in mammalian 
cells. 
Figure 42 – The sensors PR1 and PF1 react with H2O2 to turn on the fluorescence of their resorufin and fluorescein 
fragments, respectively.  
 




Song et al. developed a longer wavelength probe (26), with a large fluorescence red shift 
based on an ESPIT core fragment appended to a cleavable methylphenylboronic acid 
pinacol fragment. Upon cleavage of the boronic ester by H2O2, the resultant phenol self 
eliminates through a 1,6-benzyl elimination pathway (Figure 43) to produce a new phenol 
group. This activates the donor ability of the phenol group which turns on the ESIPT 
mechanism of the fluorophore (Figure 44).90 
Other mechanisms for the sensing of H2O2 in fluorescent probes also exist, including those 
that rely on the use of arylsulfonyl esters,91 diphenyl phosphine,92 and α-diketone groups.93  
Yu et al. used a selenium containing fluorophore that relies on oxidation of a selenium 
centre to inhibit a PET process and cause a fluorescence response in solution (1:99 DMSO: 
Figure 43 – Reaction of methylphenylboronic acid pinacol ester receptor group with H2O2 form an intermediate 
phenolate that collapses to form another phenolate anion and cyclohexadiene-1-one.  
Figure 44 – Reaction of H2O2 with probe 26 results in ESPIT fluorescence. 
26 
 




H2O) and an aggregation induced emission (AIE) in the solid state.
94 This sensor was 
observed to be highly specific for H2O2, however, its propensity to crash out of solution 








A more successful utilisation method for H2O2 detection was developed by Zhan et al. who 
employed a sensor with a reactive unit bound to a 7’-chloro-N, N-diethylrhodol 
fluorophore (27, Figure 45).95 A 2-(azidomethyl) benzoyl acid unit condensed to a rhodol 
fluorophore was found to be sensitive to nucleophilic cleavage with H2O2 to afford a good 
fluorescent response. 
 
1.5.4.8 Peroxynitrite  
Peroxynitrite (ONOO-) is a structural isomer of nitrate (NO3
-) that is a highly reactive RNS 




reaction is incredibly fast and can spontaneously occur throughout the cell, as well as 
across cellular structures and membranes. Due to its inherent high reactivity, the half-life 
of ONOO- is very short (~10-20 ms) and it reacts quickly within biomolecules in cells, 
causing damage to DNA, proteins and other biological molecules.96 Additionally, it plays 
an important role in cell signalling processes, having been observed to cause caspase 
activation and apoptosis.97 The majority of the ONOO- produced in cells breaks down in 
contact with CO2 to produce NO2 and carbonate radicals, which can also go on to damage 
biomolecules (e.g. tyrosine nitration).98  
Figure 45 – Reaction of probe 27 with H2O2 produces a fluorescent chloro-rhodol compound.  
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Classically, methods to detect ONOO- were based on trapping of intermediate species and 
products of its interactions, rather than methods for its direct observation.99 However, a 
reactive trifluoro ketone group appended to a fluorescein-based fluorophore, by Shen et al. 
to make HKGreen-1, was found to react with ONOO- to afford a dioxirane intermediate 
that decomposes to afford a dienone product and a dichloro fluorescein fluorophore 
(Figure 46).100   
 
Guo et al. developed another ONOO- probe using a methyl(4-hydroxyphenyl) amino group 
bound to a pyronin fluorophore (28, Figure 47).103 The receptor group acts as a PET 
quenching group for the fluorophore, with exposure of the probe to ONOO- resulting in a 
two-electron oxidation of the methyl-(4-hydroxyphenyl) amino group to form an unstable 
iminium species that is rapidly hydrolysed to yield a fluorescent probe and 1,4-
benzoquinone. This sensor showed a rapid and intense fluorescence turn on in the presence 
of ONOO-, as well as very high specificity over other ROS /RNS.  
Figure 46 – Reaction of HKGreen-1 probe with ONOO- to afford dichloro fluorescein. 
HKGreen-1 
 




The development of a new class of fluorescent probe was prompted by the report in 2009 
by Kalyanaraman et al. of the reactivity of ONOO- towards phenylboronic acids.85 The 
reaction that occurs between the ONOO- and the boronate species proceeds through the 
same mechanistic steps as the reaction between H2O2 and boronate esters. The key 
difference between the two reactions is that the ONOO- reaction proceeds at over a million 
times (×106) faster than the reaction of H2O2. Also, reaction of H2O2 with ONOO
- occurs 
over 200 times faster than the competing reaction between HClO and boronates.  
 
Guo et al. have developed an ESIPT based sensor for the detection of ONOO- based on 
this methodology, using a probe (29, Figure 48) based on a benzothiazine appended to a 
diethyl-amino phenyl boronate group through an alkene bridge containing a nitrile 
group.102 Upon reaction with the ONOO- the boronate fragment is cleaved to afford a 
Figure 48 – Reaction of 29 and ONOO- produces a coumarin fluorophore. 
29 
Figure 47 – Turn on mechanism for probe 28 in response to ONOO-. 
28 
 




phenol group that then undergoes intramolecular reaction with the nitrile group to form a 
highly fluorescent coumarin fluorophore.  
In another example, Wang et al. used a coumarin scaffold based on a 4-
methylumbiliferone scaffold for the direct synthesis of a ONOO- probe 30 containing a 
phenyl boronic acid pinacol ester group (Figure 49).101 This probe was fluorescent, with 
excitation at 322 nm resulting in emission at 385 nm, however oxidative cleavage of the 
boronic acid group by ONOO- resulted in a bathochromic shift of the emission peak. This 
probe was successful employed to visualise endogenous ONOO- in cell lines with minimal 
cytotoxicity in zebra fish embryos and mice models.  
 
 
 Bull & James et al. developed a functionalised N-substituted-1,8-napthalamide probe 31 
for the detection of ONOO- (Figure 50).104 This probe was appended with a PET 
quenching tertiary amine bound to a phenyl boronic ester of fructose, with a water 
molecule coordinating to the bridging amine to block its PET quenching ability. The 
strongly nucleophilic ONOO- reacts with the boronate ester resulting in cleavage to afford 
a phenol group and a free amino group that then serves as a PET group. This causes an 
ON-OFF response in the presence of ONOO-, however, a significant turn off of 
fluorescence was also observed in the presence of ClO- that lowers the specificity of the 
probe. 
 
Figure 49 – Change in the fluorescence response of a probe 30 caused by cleavage of the phenylboronic acid pinacol 
ester group.   
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1.6 Dual analyte probes and molecular logic gates  
Traditionally, fluorescent probes only require one analyte to produce a response. However, 
recently there has been a significant increase in the number of dual or multi-analyte probes 
developed.106 This has led to the development of molecules that perform logical operations 
based on multiple physical or chemical inputs that lead to a single output, in a process 
referred to as a molecular logic gate (MLG).105 Dual analyte probes use two receptor 
groups bound to a fluorophore that require the binding (or reaction) of two independent 
analytes to produce a fluorescence response (Figure 51). This process allows for the 
simultaneous detection of two analytes in the same system. 
Figure 51 – Dual analyte probe reacting with two analytes to reveal a fluorescent probe.  
Figure 50 – Mechanics of an ON-OFF naphthalimide based boronate ester sensor 31 for ONOO-.  
31 
 




If detection of two species is required, then the use of a dual activated probe is a much 
faster and more efficient method than using two individual probes for sequential testing.107 
An example of the need to detect the presence of  more than one species is in macrophages, 
where the production of both NO and H2O2 is required for the effective destruction of 
pathogens.108-110 These two analytes are relatively short lived and would be hard to detect 
with two individual probes, due to small ‘real-time’ differences in uptake, localisation and 
selectivity that would make it extremely difficult to gather reliable data using individual 
analytes.   
A dual detection probe is normally based on an “AND” MLG system, meaning that both 
analyte-1 AND analyte-2 need to be present for the fluorescence response to turn on.105 
There are, however, several other types of logic that can be achieved using MLGs, as 
summarised in the truth table shown in Figure 52.111 An “Or” logic gate gives a positive 
result if one or both of the analytes is present. An “XOR” system is an exclusive OR gate, 
where a positive is given in the presence of one analyte only. An “INH” logic gate is 
positive in the presence of only one analyte, with its response inhibited in the presence of 
the other analyte. A “NOR” logic gate only gives a positive result when both analytes are 
absent. A “NAND” logic is positive if neither, or only one of the analytes are present, 
whilst being negative if both analytes are present. Finally, a “XNOR” logic gate is positive 




Figure 52 – Truth table for a two-input logic gate, showing the possible outcomes for the two inputs from analyte 1 and 
analyte 2.  
 




Numerous reviews have published summarising recent developments in MLGs in recent 
years, with a few interesting examples of their uses now presented to demonstrate their 
potential application.105, 112-115 
 
Zhu et al. have developed an MLG probe capable of responding to the presence of both 
H2O2, and NO singularly, as well as in combination (FP-H2O2-NO, Figure 53).
116 This 
was achieved via the use to two distinct masked fluorophores that were connected together 
using a piperazine linker. The reactive group for the H2O2 was a boronic acid pinacol ester 
group, bound to a 7-hydroxycoumarin fluorophore, whilst the reactive group used for 
targeting of NO was a phenylenediamine group attached to a rhodamine-fluorophore.  
Upon exposure to H2O2, the boronic ester is cleaved and the blue fluorescence of the 
coumarin is turned on for an excitation at 400 nm. Exposure of the probe to NO results in 
the phenylenediamine group being cleaved to release the rhodamine fluorophore, which 
gives a red fluorescence response upon excitation of 550 nm. The ability of the probe to 
detect both species arises from the FRET that can occur between the coumarin (FRET 
donor) and the rhodamine (FRET acceptor) units after both reactive masking groups have 
Figure 53 – Representation of the different sensing outputs of the MLG FP-H2O2-NO. 
 




been cleaved caused by excitation at the coumarin absorption wavelength of 400 nm. This 
allows a single probe to detect the presence of either or both of the analytes.  
In another example, a two-input “AND” logic probe was developed by Song et al. for the 
detection of H2S and intracellular thiols (RSH).
117 Probe QME-N3 is based on a quinolone 
scaffold containing an azide group that is reduced by H2S to afford an amino group and an 
α,β-unsaturated malonate unit that undergoes conjugate addition with a RSH nucleophile, 
with both events required to elicit a fluorescence response (Figure 54).  
 
1.7 Summary of introduction 
Fluorescence is a very useful tool in the design of sensors that can be used for the study of 
biological systems. The three main components of a fluorescent probe and details of 
common fluorescence mechanisms employed in fluorescent probes are discussed and 
numerous examples where these probes have been used in biological systems presented. 
An introduction to the principle of MLGs and the development of multi-analyte probes is 
also provided. Many of the target analytes described in this introduction are linked directly 
to human illnesses, with new probes still required to interrogate intracellular processes and 
determine mechanisms of action. Existing fluorescent probes have proven their worth 
repeatedly; however, ever more precise and sensitive probes with new reactive units and 
brighter fluorophores are required to push forward limits of detection. 
Figure 54 – Reaction scheme of probe QME-N3 reacting with H2S and RSH. 
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2.0 Coumarin Based Probes  
In this chapter a brief overview of the coumarin unit shall be given, with its use in sensor 
systems being exemplified and discussed. The remainder of this chapter will describe a 
range of coumarin-based probes that were produced during my research programme, 
including a justification of the development of each probe, their synthesis and analysis. 
 
 2.1 Introduction  
Coumarins are a broad class of compounds containing a benzopyrone structure comprised 
of a fused arene and pyrone ring with a carbonyl group present at the 2-position of the 





Found in many plant species, coumarin was first isolated in 1820 by the German Chemist 
A. Vögel from Tonka beans (Dipteryx odorata) and then synthesized by the English 
chemist William Henry Perkin in 1868.1 
Since then, coumarin based compounds have found uses in many different areas, including 
as appetite suppressors,2 as drugs for the treatment of lymphedema,3 and their fluorescent 
properties are exploited to prepare OLED emitters.4 Coumarins exhibit high sensitivity 
towards the polarity and viscosity of their local environment,5 and they have been widely 




Figure 55 – The structure of coumarin 32. 
32 
Figure 56 – Structure of three coumarin derivatives, 4-hydroxycoumarin (33), umbelliferone (34) and  
                   7-diethylaminocoumarin (35). 
33 34 35 
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Many derivatives of coumarin have been reported as components of fluorescence probes 
(Figure 56), including 4-hydroxycoumarin 33, 7-hydroxycoumarin 34 (umbelliferone), 7-
diethyl-aminocoumarin 35 and benzocoumarin.6 The synthesis of these coumarins and 
their derivatives can be achieved using several named reactions, including the Perkin 
synthesis,7 the Kostanecki acylation8 and the Pechmann condensation reactions (Figure 
57).9  The Pechmann condensation reaction involves condensation of a phenol and 
carboxylic acid (or ester) with a β-carbonyl ester in an acidic environment. The reaction 
proceeds via transesterification of the ester with the phenol, followed by intramolecular 
Friedel-Crafts acylation and dehydration to form the new pyrone ring system of the 
coumarin skeleton. The presence of additional functional groups on the coumarin skeleton 
can be used to increase its fluorescence, with the addition of heteroatoms increasing the 
ability to access ICT type fluorescence pathways.  
Mondal et al. have used a coumarin core structure containing diethylamino and 
trifluoroacetyl acetonate groups to synthesize a probe (36, Figure 58) for the ratiometric 
detection of hydrazine (N2H4).
10 Selectivity for N2H4 occurs through selective 
hydrazinolysis of the carbonyl of the trifluoroacetyl acetonate, which triggers a subsequent 
reaction cascade to produce a cyclized fluorescent pyrazole compound (37). This enables 
this probe to be used for the ratiometric detection and quantification of N2H4. 
Scheme 57 – Reaction mechanism of the Pechmann condensation between phenol and a β-keto ester. 
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Wang et al. developed an Fe2+ probe based on a non-fluorescent coumarin core structure 
attached to a 2-phenol moiety through an imino linker (38, Figure 59).11 The reactivity of 
the sensor is triggered by an Fe2+ mediated cyclization/aromatisation reaction which 
affords a fluorescent benzoxazole fragment. This probe was found to be highly selective 
for Fe2+ enabling it to be used for imaging Fe2+ in cell studies.  
 
 2.2 A Coumarin Based Probe for the Detection of ONOO- AND Hcys /    
                Cys in Cells 
  2.2.1 Literature Precedent 
ONOO- is a potent RNS that is largely deleterious in biological systems, where it can 
damage DNA, proteins and lipids when its concentration is elevated (Section 1.5.4).12-14 
As discussed in the introduction, 4-methylphenylboronic acid pinacol ester (Bpin) has 
previously been shown to be a reactive unit for peroxynitrite in numerous fluorescent 
probes.15  
Figure 58 – The probe 36 reacts with N2H4 to create 37 which affords a ratiometric response.  
36 
37 
Figure 59 – Probe 38 reacts with Fe2+ to give a fluorescent response. 
38 
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Homocysteine (Hcys) is a homologue of the amino acid cysteine (Cys). It is a non-coded 
(non-proteogenic) amino acid that is formed from de-methylation of the terminal Cε methyl 
group of methionine.16 One of the main uses of Hcys is as a substrate for the formation of 
Cys in cells, via an enzymatic pathway that employs vitamin B6 as a cofactor.
17 High levels 
of Hcys (>15 µmol/ L) result in a medical condition called hyperhomocysteinemia18 which 
has been linked to many different illnesses, including cardiovascular disease,19 
Alzheimer’s disease,20 bone fractures21 and kidney disease.22 
There are difficulties that arise when sensing Hcys over other amino acids. With the 
structural similarities between Hcys, Cys and Glutathione (GSH, Section 2.5.1) presenting 
difficulties in designing probes for their selective detection.23 Receptor groups that are 
designed to react with the thiol unit of Hcys are also prone to reaction with Cys and GSH. 
This is not always a problem, as for some applications the levels of off-target species are in 
such low concentration that they only make a negligible contribution to the overall 
fluorescence of the system.24 
 
 
Tan et al. developed a Hcys/ Cys probe using a simple ICT based system 39 containing a 
phenanthroimidazole moiety (electron donator) appended to an aldehyde group (electron 
acceptor) (Figure 60).25 The aldehyde group is used to target the reactivity of the thiol 
group of Hcys and Cys to form thiazolidine and thiazine ring systems, respectively. This 
binding and cyclisation caused a significant blue shift (125 nm) in the emission of the 
fluorophore upon excitation.  
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Methods for the specific detection of Hcys over other intracellular thiols have been 
discovered and utilised in some probes. An example from Yoon et al., who designed a 
simple “turn-on” fluorescent probe 40 based on a pyrene structure appended to an aldehyde 
and ester side-chain (Figure 61).26 Exposure of the probe to Hcys and Cys analytes results 
in the aldehyde being attacked to afford either a 6-membered thiazinane, or 5-membered 
thiazolidine ring system, respectively. However, only the 6-membered thiazinane ring 
system generated from the Hcys is fluorescent, which is proposed to be a result of an 
increase in the efficiency of ICT and PET based pyrene singlet excited state quenching by 
this ring system. This sensor was successfully used for the detection of Hcys in 
mammalian cells and is an excellent example of how a good design can be used to 
overcome selectivity challenges in detection.  
 
Hong et al. developed a simple coumarin based fluorescent probe for the detection of Hcys 
and Cys in water (Figure 62).27 Reaction of its aldehyde functionality with Cys or Hcys 
results in formation of a heterocyclic ring, with the nitrogen atom of the ring system acting 
Figure 62 – Hcys / Cys reacting with Hong’s simple coumarin probe 41. 
41 
Figure 61 – Probe 40 reacts with Hcys to elicit a selective fluorescent response. 
40 
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as a HB acceptor for the phenolic hydrogen atom, which disables its PET quenching 
properties to turn on fluorescence. Even though there was no initial intention to achieve 
selectivity of Hcys over Cys, there was a significantly higher fluorescence response when 
Hcys was added to the sensor relative to Cys. This is thought to be due to the increased 
stability of the six-membered ring that is formed from reaction of Hcys, relative to the five-
membered ring formed from reaction of the probe with Cys.  
 
  2.2.2 Design of Probe 42 
It was decided to develop a dual analyte sensor for ONOO- and Hcys / Cys by adding extra 
sensing functionality to Hong’s simple coumarin probe 41. The design of new probe 42 
would employ an aldehyde functionality that reacts with the thiol functionality of the Hcys/ 
Cys analyte and a 4-methylphenylboronic acid pinacol ester fragment to react with ONOO- 










Figure 63 – Design of a new dual ‘AND’ probe 42 for the simultaneous detection of ONOO- and Hcys/Cys. 
42 
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   2.2.3 Synthesis of Probe 42 
The synthesis of the new probe commenced with the acetylation of the phenol group of 
umbelliferone 34 with pyridine and acetic anhydride which proceeded in near quantitative 
yield (98 %) to give 43. The next step employed a Duff reaction (hexamethylenetetramine 
aromatic formylation) which introduced an aldehyde group onto the phenyl ring, with 
concomitant cleavage of the acetyl group of the coumarin in 69 % yield, producing 41. 
This formylated phenol was then reacted with 4-bromomethylphenylboronic acid pinacol 
ester and K2CO3 in DMF, to yield the final product 42 in 51 % yield (Scheme 1).
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2.2.4 Fluorescent Analysis of 42 
Initial fluorescence studies on probe 42 were then carried out to determine its ability to 
react with Hcys/ Cys and ONOO-. Firstly, the assay system described by Hong et al. for 
their coumarin probe 41 for Hcys was repeated to confirm that carrying out the assay in 
phosphate-buffered saline (PBS) pH 7.4 buffer would give satisfactory results. Changing 
the buffer system did not result in a significant change in the behaviour of the probe 41 
(Figure 64), with a large increase in fluorescence intensity being observed when in the 
presence of Hcys.  
Figure 65 – UV-Vis spectra of: (a) 42 (30 µM) – black; (b) 42 (30 µM) and Hcys (3 mM) – red; (c) 42 (30 µM) and Hcys (3 mM) 
and ONOO- (60 µM) – blue. In PBS buffer (pH 7.4), 40 min incubation after Hcys addition. 
Figure 64 – Fluorescence of 41 (10 µM) produced from sequential addition of Hcys (5-500 µM) in buffer (PBS pH 7.4) 
after a 40 min incubation period. λex = 353 nm (bandwidth 15). 
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I next measured the UV absorption of the probe 42 in the presence of Hcys (3 mM) and 42 
with both Hcys (3mM) and ONOO- (60 µM) (Figure 65). These results showed that the 
UV absorption maxima of the probe shifted upon sequential addition of each analyte, 
which is caused by reaction of the aldehyde and boronic ester functionalities of the 
coumarin probe, respectively. Importantly, addition of both analytes resulted in a 
bathochromic shift in the absorbance (340 → 370 nm) when compared to the UV spectra 
of an un-activated, or partially activated probe.  
 
I was aware of the need to allow sufficient time for Hcys to react with the aldehyde 
functionality of the probe, since the rate of the Hcys cyclisation reaction is much slower 
than the corresponding reaction of the boronate ester fragment with ONOO-. Therefore, I 
carried out a study to measure the fluorescent response of the probe towards Hcys over 
time, which revealed that the thiazolidine ring forming reaction took around 60 minutes to 
proceed to full completion (Figure 66). Given these results, an incubation time for 42 with 
Hcys 40 min was used in all subsequent assays, before spectroscopic analysis was then 
carried out. 
The new probe 42 was then subject to titration tests to confirm that both analytes were 
required for full fluorescence of the probe. When Hcys (1 mM) was added to 42, there was 
a slight turn on to the fluorescence of the probe, which is likely to be due to the formation 
Figure 66 – Fluorescence intensity changes of 42 over time: (a) 42 (15 µM) – black line; (b) 42 (15 µM) with addition of 
ONOO- (18 µM) – red line; (c) 42 (15 µM) with addition of Hcys (1 mM) and ONOO- (18 µM) – blue line. In PBS buffer 
(pH 7.4) λex = 371 (bandwidth 20 nm)/ λem = 448 (bandwidth 100 nm). 
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of the thiazoline fragment on the aldehyde of 42. As expected, subsequent addition of 
ONOO- (2-24 µM) resulted in a dose dependent increase in the fluorescence response 
(Figure 67, Figure 68), which is consistent with the cleavage of the Bpin unit, resulting in 
dual activation.  
Figure 67 – Fluorescence spectra of 42 (15 µM) and Hcys (1 mM), 40 min incubation then sequential addition of ONOO- (2-24 
µM) in buffer (PBS pH 7.4). λex = 371 nm (bandwidth 20 nm).  
Figure 68 – Fluorescence intensity (I/I0) of 42 (15 µM) and Hcys (1 mM), 40 min incubation then sequential addition of 
ONOO- (2-24 µM) in buffer (PBS pH 7.4). λex = 371 nm (bandwidth 20 nm) / λem = 448 nm. 
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The opposite order of analyte addition was then carried out, with addition of ONOO- (16 
µM) also leading to a small increase in the level of fluorescence, which was thought to be 
due to partial activation of the probe upon Bpin cleavage. As expected, addition of Hcys 
(0.1-5.5 mM) then caused an increase in the level of fluorescence of 42, until an upper 
limit was achieved, then a slight decrease in the level of fluorescence, possibly due to an 
artificially high level of analyte (Figure 69, Figure 70). 
Figure 69 – Fluorescence spectra of 42 (15 µM) and ONOO- (16 µM) then sequential addition of Hcys (0.1-5.5 mM). In 
buffer (PBS pH 7.4) after 40 min. λex = 371 nm (bandwidth 20 nm).  
Figure 70 – Fluorescence intensity (I/I0) of 42 (15 µM) and ONOO- (16 µM) then sequential addition of Hcys (0.1-5.5 mM) 
with 40 min incubation. In buffer (PBS pH 7.4). λex = 371 nm (bandwidth 20 nm) / λem = 448 nm. 
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These initial fluorescence experiments showed that 42 was capable of detecting both 
ONOO- and Hcys irrespective of the order of analyte addition, and only occurring when 
both analytes are present.  
After these successful initial studies, off target interactions were analysed using two 
selectivity studies. I first screened the response of a range of common amino acids that 
could potentially react with the aldehyde functionality of the probe to afford an imine 
functionality. These results revealed that only Hcys produced a significant turn on of 
fluorescence in the presence of OONO-. Cys also produced a slight turn on, as expected 
due to its structural similarity with Hcys (Figure 71). A selection of ROS species was then 
investigated to determine if they exhibited any competing reactivity towards the Bpin 
Figure 71 – Fluorescence intensity of 42 (15 µM) after addition of ONOO- (16 µM) and various amino acids (2.5 mM) in 
PBS buffer (pH 7.4) after 40 mins.  λex = 371 nm (bandwidth 20 nm)/ λem = 448 nm. 
  
Figure 72 – Fluorescence intensity of 42 (15 µM) after addition of Hcys (1 mM) and a 40 min incubation, followed by 
addition of ONOO- (10 µM, 1 min incubation) and various ROS (100 µM, 30 min incubation). λex = 371 nm (bandwidth 20 
nm)/ λem = 448 nm.  
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group of the probe (Figure 72). In the ROS selectivity, ONOO- was found to cause the 
highest fluorescence response by a significant amount, with other off target reactive 
oxygen analytes not eliciting a substantial fluorescence increase, even at a far greater 
concentration. 
These results were positive and showed that 42 had good selectivity towards both groups 
of potential off target analytes. Consequently, it was then decided to send 42 to Professor 
Xiao-Peng He at East China University of Science and Technology (ECUST) for cellular 
studies. Unfortunately, it was discovered that 42 had poor cellular solubility and did not 
respond in the way that I expected, forming insoluble aggregates in cellular systems. 
 
 
2.2.5 Conclusion and Future Work 
The adaption of Hong et al.’s simple coumarin Cys / Hcys probe through the incorporation 
of a Bpin group has produced the dual analyte probe 42. 42 has shown to be sensitive to 
both ONOO- “AND” Cys / Hcys in an “AND” molecular logic gate (table 2). 42 has good 
selectivity to other potential thiol triggers. Unfortunately, 42 was not suitable for cellular 
studies as it forms insoluble aggregates. Future changes to the structure of the probe could 
include the addition of groups that increase the solubility of the probe (e.g. a PEG group), 









Table 2 – Truth table of input / output for 42.  
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2.3 A Dual Hcys AND Nitroreductase Probe 46 
2.3.1 Literature Precedent 
Nitroreductases (NTRs) are a group of enzymes that are responsible for the reduction of 
nitro containing aromatic metabolites and xenobiotics in cells based on reduction of a nitro 
(-NO2) group to its corresponding amine.
28 This is achieved through the use of reducing 
cofactors, such as flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), 
nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide 
phosphate (NADPH).29 In the body, these enzymes play a critical role in the 
bioremediation of toxic nitro-containing compound that are often produced from bacterial 
metabolism.  
In solid tumours there is often an insufficient supply of oxygen to cells creating hypoxic 
conditions. One of the effects of hypoxia is to dysregulate the natural reduction-oxidation 
(redox) cycle which can result in overexpression of certain proteins, including NTRs.30 In 
solid tumours the amount of NTRs produced is directly related to the level of hypoxia in 
the cell, a fact that can be exploited for the development of NTR fluorescent probes to 
detect and monitor hypoxic tissues in tumours.  
Zhang et al. have reported an ICT based probe containing a 4-nitrobenzyl moiety bound to 
a dicyanomethylene-4H-pyran (DCM) fluorophore that is a substrate for reductive 
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activation by NTR (Figure 73).30 Once its nitro group is reduced to an amine group, then 
an auto-elimination reaction occurs to produce 4-methylenecyclohexa-2,5-dien-1-imine, 
CO2 and the active DCM fluorophore. This probe could be used to monitor the levels of 
endogenous NTRs and the presence of hypoxic conditions in cells. They subsequently 
developed a longer wavelength fluorescent NTR probe (45) using a cyanine fluorophore 
and a reactive 4-nitrophenol unit (Figure 74).  
 
Hcys is an intracellular thiol that has several deleterious effects at perturbed levels 
(Section 2.3.1). In addition to these effects, it has also been observed to be a risk factor in 
the development of cancer, through mechanisms including folate deficiency and aberrant 
DNA methylation. Levels of Hcys, therefore, can be used as a method for the monitoring 
of cancer cells. Additionally, levels of Hcys also decrease with the death of cancer cells, 
unlike other metabolites used for the monitoring of the disease, possibly yielding a more 
comprehensive method of tracking the efficacy of a treatment.  
Developing a sensor capable of detecting two cancer associated biological targets is a 
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  2.3.2 Design of Probe 46 
Given the precedent, it was decided to develop a new probe 46 as an AND sensor for 
monitoring the concentration of Hcys and NTR by appending an NTR sensitive 4-
nitrophenyl group to the 7-hydroxy position of the Hcys sensitive coumarin compound, 41 
(Figure 75).  
 
 
2.3.3 Synthesis of Probe 46 
The aldehyde 41 was prepared as an intermediate in previous synthesis of probe 42 
(Section 2.2.3), was used as a substrate for reaction with 4-nitrobenzylbromide and K2CO3 




Figure 75 – Structure of probe 46, with the thiol reactive aldehyde (red) and NTR reactive nitro group (blue). 
 
46
Scheme 2 – The Synthesis of probe 46. 
41 46
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Figure 76 – Reaction pathway of 46 with NTR + NADPH and Hcys, with intermediate structures 47 & 48 and finally 49 confirmed 





NTR, NADPH, HCys 
2.3.4 Fluorescent Analysis of Probe 46 
The probe was then reacted with an NTR enzyme (in collaboration with Dr Robert Elmes, 
from Maynooth University), with analysis of cleavage products carried out using HPLC-
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MS analysis. HPLC-MS confirmed the reaction pathway between 46, Hcys and NTR in the 
presence of cofactor NADPH) gave a correct mass ion for a product whose nitrobenzyl 
group had been reductively cleaved by the NTR which contained a thiazoline ring system 
formed from reaction with Hcys (Figure 76, Figure 77). 
Initial treatment with Hcys first afforded a nitro-thiazoline intermediate 47 (MR = 442.08) 
which on exposure to NTR was reduced to its corresponding thiazoline phenol 49 (MR = 
307.05). Alternatively, treatment of probe 46 with the NTR initially gave a hydroxylamine 
intermediate 48 (MR = 311.08), that was further reduced on addition Hcys to give the 
thiazoline phenol product 49.  
Fluorescence analysis was then undertaken. 46, referred to as QN-1 in these figures (15 
µM) showed little initial response, however addition of NTR + NADPH resulted in a 
significant increase in fluorescence intensity (~4 fold). Hcys (2 mM) was then added and 
the response of the probe measured over 90 minutes, which resulted in a gradual increase 
in fluorescence (2 fold) caused by cleavage of the 4-nitrobenzyl group from the sensor and 
formation of the thiazolidine ring (Figure 78).  
The probe 46 was then subjected to incubation with Hcys (2 mM) for 60 minutes, which 
resulted in a small increase in fluorescence, which was smaller than the increase when 
NTR + NADPH was added to 46. This was thought to be due to the greater effect of the 
free phenol on the mechanism of fluorescence, when compared to formation of the 
thiazolidine ring. Addition of NTR (4 µL/ mL) and NADPH (400 µM) to the solution of 46 
+ Hcys (2 mM) resulted in a sharp increase in fluorescent intensity followed by a further 
Figure 78 – Fluorescence spectra of 46 (15 µM) with initial addition of 400 µM NADPH and 4 µL/mL NTR with 60-min in-
cubation, followed by Hcys (2 mM) from 0-90 min. In PBS buffer (pH 7.4), slit widths ex = 5 nm and em = 5 nm. 
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gradual increase in fluorescence over a 90-minute period (~2 fold over initial level) 
(Figure 79). 
These two analyses showed that there was a significant fluorescence response of 46 when 
exposed to both NTR (+NADPH) and Hcys, relative to the presence of just one analyte, 
meaning that is it an effective “AND” MLG. 
Studies that were undertaken next, involved incubation with one of the analytes followed 
by titrations with different concentrations of the other analyte. Firstly, 46 (15 µM) was 
incubated with NADPH (400 µM) and NTR (4 µL/ mL) for 90 minutes, before Hcys (0.5 
mM, 1 mM, 2 mM, 4 mM) was added and the fluorescence monitored for another 110 min 
(Figure 80). The colours in these graphs are used to distinguish between closely spaced 
lines and represent different time points. This resulted in the fluorescence initially 
increasing after NTR (+NAPDH) addition to a relatively stable value after 90 minutes. 
Addition of Hcys then resulted in a dose dependent increase in the response of the probe, 
with the highest response found from addition of 4 mM Hcys after 210 min, which gave a 
maximum response of ~2 fold relative to NTR (+NAPDH) and ~3 fold relative to no 
analyte (Figure 81).  
Figure 79 – Fluorescence spectra of 46 (15 µM) with initial addition of Hcys (2 mM) with 60-minute incubation fol-
lowed by 400 µM NADPH and 4 µL/mL NTR from 0-90 min. In PBS buffer (pH 7.4), slit widths ex = 5 nm and em = 5 
nm. 
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Figure 80 –  Fluorescence spectra of 46 (15 µM) produced by initial addition of 400 µM NADPH and 4 µL/mL NTR incuba-
tion for 90 min, followed by addition of a) 0.5 mM, b) 1 mM, c) 3 mM, d) 4 mM Hcys, respectively. Reactions then moni-
tored for a further 120 min.  All assays carried out in PBS buffer (pH 7.4, 1% DMSO, slit widths ex = 5 nm and em = 5 nm. 
Figure 81 – Fluorescence intensity at 453 nm vs. time. 46 (15 µM) with initial addition of 400 µM NADPH and 4 µL/mL 
NTR (0-90 min), followed by addition of a) 0.5 mM, b) 1 mM, c) 3 mM, d) 4 mM Hcys (90-210 min). All assays carried out 
in PBS buffer (pH 7.4, 1% DMSO, slit widths ex = 5 nm and em = 5 nm. 
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The use of different concentrations of NTR was then explored. 46 (15 µM) was incubated 
with NADPH (400 µM) and NTR (1 µL/mL, 2 µL/mL, 4 µL/mL, 10 µL/mL) and 
incubated for 90 minutes. Hcys (2 mM) was then added and the assay was further 
monitored for 120 minutes (Figure 82). The results showed that 46 responded to the initial 
addition of the NTR with a small increase in fluorescence. Larger doses of NTR (4 µL/ 
mL, 10 µL/mL) show similar levels of fluorescence suggesting that all of the probe in the 
test solution had reacted. Upon addition of Hcys, further increases in the level of 
fluorescence were observed in a dose dependent manner relative to the concentration of the 




Figure 82 –  Fluorescence spectra of 46 (15 µM) with initial addition of 400 µM NADPH and a) 1 µL/mL b) 2 µL/mL c) 4 
µL/mL d) 10 µL/mL NTR followed by incubation for 90 min, followed by addition of 2 mM Hcys and the assay monitored 
for a further 120 min. All assays carried out in PBS buffer (pH 7.4, 1% DMSO, slit widths ex = 5 nm and em = 5 nm. 
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The effect of increasing the concentration of Hcys used in the assay was then explored for 
constant NTR value. Probe 46 (15 µM) was incubated with Hcys (0.5 mM, 1 mM, 2 mM, 4 
mM) for 90 min, followed by addition of NADPH (400 µM) and NTR (4 µL/mL) and 
incubation for another 120 min (Figure 84). Upon initial addition of Hcys, there was a 
small, gradual increase in the levels of fluorescence, indicative of the formation of a 
thiazolidine ring from reaction of the aldehyde group and Hcys. This gradual increase in 
fluorescence levelled off after 80 min, which is likely to be due to saturation of the probe 
with Hcys. Addition of NADPH and different concentrations of NTR caused a further dose 
dependent increase in the fluorescence intensity level, relative to the concentration of the 
initial Hcys addition (Figure 85).  
Figure 83 – Fluorescence intensity at 453 nm vs. time. 46 (15 µM) after initial addition of 400 µM NADPH and a) 1 µL/mL 
b) 2 µL/mL c) 4 µL/mL d) 10 µL/mL NTR (0-90 min), respectively, followed by addition of 2 mM Hcys (90-210 min). All as-
says carried out in PBS buffer (pH 7.4, 1% DMSO), slit widths ex = 5 nm and em = 5 nm. 
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Figure 84 –  Fluorescence spectra of 46 (15 µM) after initial addition a) 0.5 mm, b) 1 mM, c) 2 mM, d) 4mM of Hcys, 
respectively. Assays incubated for 90 min followed by addition of 400 µM NADPH and 4 µL/mL NTR followed by incu-
bation for a further 120 min. All incubations carried out in PBS buffer (pH 7.4, 1% DMSO), slit widths ex = 5 nm and 
em = 5 nm.  
Figure 85 – Fluorescence intensity at 453 nm vs. time. 46 (15 µM) with initial addition a) 0.5 mm, b) 1 mM, c) 2 mM, d) 
4mM (0-90 min) Hcys respectively, followed by addition of 400 µM NADPH and 4 µL/mL NTR (90-120 min), slit widths ex 
= 5 nm and em = 5 nm.  
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Incubation with a fixed concentration of Hcys and varying concentrations of NTR were 
then studied. 46 (15 µM) was initially mixed with Hcys (2 mM) and incubated for 90 min, 
with 400 µM NADH and NTR ((a) 1.0 µL/mL, (b) 2.0 µL/mL, (c) 4.0 µL/mL, (d) 10.0 
µL/mL) then added (Figure 86). Addition of Hcys to each aliquot of 46 caused an equal 
response from the sensor, involving a small uniform increase in its fluorescence response. 
Addition of various concentrations of the NTR (+NADPH) resulted in a further 




Figure 86 –  Fluorescence spectra of 46 (15 µM) after initial addition of Hcys 2 mM and incubation for 90 minutes, 
followed by addition of 400 µM NADPH and a) 1 µL/mL b) 2 µL/mL c) 4 µL/mL d) 10 µL/mL NTR respectively. Assay 
then incubated for a further 120 minutes. All assays carried out in PBS buffer (pH 7.4, 1% DMSO), slit widths ex = 5 
nm and em = 5 nm. 
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These fluorescence results show that 46 is an effective probe for the detection of both NTR 
and Hcys in solution-based assays, with an increase in the fluorescence of the probe (~10 
fold) when exposed to higher concentrations of these analytes. This sensor has been sent to 
collaborators in South Korea for cellular studies to determine whether 46 can detect the 
presence of Hcys and NTR in vivo. 
 
  2.3.5 Conclusion and Future Work  
In conclusion, I have modified Hong et al.’s probe 41 to develop a dual analyte coumarin 
based probe 46 for the fluorescent detection of NTR “AND” Hcys/Cys. Solution analysis 
of 46 showed that although addition of a single analyte caused a measurable response, the 
presence of both target analytes caused a much greater response. I am currently awaiting 





ONOO- NTR Output 
0 0 0 
0 1 0 
1 0 0 
1 1 1 
Figure 87 – Fluorescence intensity at 453 nm vs. time. 46 (15 µM) after initial addition of Hcys 2 mM (0-90 min), fol-
lowed by addition of 400 µM NADPH and 1 µL/mL, 2 µL/mL, 4 µL/mL, 10 µL/mL NTR (90-120 min), slit widths ex = 5 nm 
and em = 5 nm. 




Page | 74  
 
Coumarin Based Probes 
Chapter 2 
 2.4 Triple Analyte Probe for Sensing ONOO-, Glutamate AND Zinc  
  2.4.1 Literature Precedent 
Glutamate (Glu) is used as a neurotransmitter in vertebrate nervous systems to transmit 
signals between each cell and Glu is used in over 90% of the synapses in the human 
brain.31 Therefore, healthy levels of Glu are essential in the development and function of 
brain tissue.  
An overabundance of Glu has been associated with multiple neurological disorders / 
diseases, including multiple sclerosis,32,33 Alzheimer’s disease,34 Parkinson’s disease,35 
stroke36 and Lou Gehrig’s disease.37 Additionally, problems in pathways used to produce 
Glu have been linked to other mental health disorders such as autism,38 schizophrenia39 and 
clinical depression.40  
Many methods have been developed to detect this important chemical signalling molecule, 
including capillary electrophoresis,41 micro-electrochemistry42 and mass spectrometry-
based techniques.43 However, these techniques suffer from drawbacks like low throughput 
and poor spatial resolution. Fluorescence based techniques have been developed to combat 
these problems, with probes designed to afford a high level of spatial resolution for rapid 
application and fast response times. 
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An example of a fluorescence probe for the detection of Glu in biological systems was 
reported by Tsien et al. who harnessed FRET interactions between a cyan (CFP) dye and 
yellow fluorescent protein (YFP) that occurs when glutamate binds to the protein through 
inotropic glutamate receptors.44 Tsien’s sensor was successfully used for the detection of 
glutamate release, spill-over and reuptake by monitoring the fluorescence. The pitfalls of 
this technique are that genetic manipulation is required to prepare the sensor, which 
generally exhibits low reversibility for Glu binding and a relatively low change in 
fluorescence intensity. 
 To combat these problems, Glass et al. developed a small molecule dual-analyte AND 
fluorescent sensor (ES517) for visualising release of Glu, which was comprised of a 
coumarin scaffold appended to an aldehyde at its 3-position and an electron poor 
sulfonamide at its 7-position (Figure 88).45 The method used to detect the Glu involves the 
reaction of the aldehyde of the sensor with the amine group of the Glu to form a positively 
charged imminium ion 50 inside the vesicle that cannot pass across the vesicular 
membrane. Release of the contents of the vesicle exposes the probe to the neuronal 
connection, whose pH of 7.4 is significantly higher than inside the vesicle (~pH 5). This 
results in deprotonation of the sulfonamide (51). After both events have occurred 52, a 
bathochromic shift in the fluorescent absorbance of the probe at 488 nm. A twelve-fold 
fluorescence increase was observed on exposure of the probe to Glu, with a relatively low 
binding affinity for Glu, meaning that the probe has the ability to reversibly detect Glu 
outside the vesicle.  




Page | 76  
 
Coumarin Based Probes 
Chapter 2 
Further to this development, Glass et al. developed a three-input AND logic gate sensor 53 
(Figure 89) to study a specific subset of glutamatergic neurons in the forebrain.46 Probe 53 
was based on the structure of ES517, containing an additional binding unit for Zn2+ ions. 
Formation of an imminium ion with Glu creates a multipoint binding pocket between the 
lactone fragment of the coumarin and the carboxylate of the Glu whose functional groups 
can coordinate Zn2+ (54). The binding of Zn2+ causes a blue shift in the absorbance which 
was hypothesized to be formation of an imine group, which is normally protonated as its 
iminium species at physiological pH. A slight increase in fluorescence arises from 
rigidification of the sensor structure on binding of the Zn2+. The third trigger point in the 
sensor is the phenol group at the 7-position of the coumarin ring which is deprotonated 
when exposed physiological pH (~7.4) (55) allowing the probe to fluoresce upon excitation 
at 440 nm in 56.  
 
  2.4.2 Design of Probe 57  
There are strong links to the overproduction of ONOO- and numerous neurological 
disorders (Section 1.5.4), with dysregulation in signalling pathways arising from either 
overproduction or underproduction of signalling molecules. Therefore, access to a probe 
that could simultaneously detect Glu, Zn2+ and ONOO- might reveal interesting 
information on the progression of these diseases. Consequently, I saw an exciting 
opportunity to add ONOO- sensitivity to the Glu and Zn2+ probe through attachment of a 4-
methyl-phenylboronic acid pinacol ester group the phenol group at the 7-position of the 
coumarin to make probe 57 (Figure 90).  




Page | 77  
 
Coumarin Based Probes 
Chapter 2 
  2.4.3 Synthesis of Probe 57  
The synthesis of 57 differed from those used for previous coumarin probes as it required a 
protocol based on preparation of the coumarin backbone, as compared to derivatising 
commerically available umbelliferone (Scheme 3). 
Firstly, 2,4-dihydroxybenzaldehyde 58 was used as a substrate for a Perkin synthesis by 
refluxing with sodium propionate, propionic anhydride and pyridine for six hours which 
gave the desired 3-(bromomethyl)-2-oxo-2H-chromen-7-yl propionate product (59) in 30 
% yield. 59 was then brominated under classical free radical conditions via treatment with 
N-Bromosuccinimide (NBS) and 2,2′-azobis(2-methylpropionitrile) (AIBN) in MeCN for 
three hours to give the desired mono-brominated product 60 in 48 % yield. Refluxing 60 in 
acetic anhydride (Ac2O) with sodium acetate (NaOAc) then gave the di-acetylated product 
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61 in 71% yield. Cleavage of both acetyl groups was achieved through treatment of 61 
with K2CO3 in MeOH at 0°C followed by warming to RT to afford diol 62 in 90% yield.  
4-Bromomethylphenylboronic acid pinacol ester was then attached to the coumarin 
skeleton via treatment with K2CO3 in DMF for twelve hours at RT, which gave product 63 
in 41% yield. 
The final step of the synthesis involved treatment of 63 with (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) and [acetyloxy(phenyl)-
λ3-iodanyl] acetate (BIAB) in dichloromethane (CHCl3) at rt overnight, which resulted in 


























Page | 79  
 
Coumarin Based Probes 
Chapter 2 
 
   2.4.4 Fluorescence Analysis of Sensor 57 
In solution fluorescence analyses of 57 in the presence of various analytes was then carried 
out (Figure 90). The concentrations used were determined from previous work carried out 
on Glu sensors by Glass et al.46 and experience with detecting ONOO- with other probes. 




Figure 90 – Fluorescence spectra of 57 (10 µM) + Glu ((a) 100 mM, (b) 200 mM, (c) 300 mM, (d) 400 mM, (e) 500 mM) 
with Zn2+ ((a) 5 mM, (b) 10 mM, (c) 20 mM, (d) 30 mM, (e) 40 mM), respectively. Assays carried out in PBS buffer (pH 
7.4). Black line – negative control, blue line – 57, red line – 57 + Glu, pink line – 57 + Glu + Zn2+, λex = 380 nm (bandwidth 
10 nm).   
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ONOO-, whose concentrations were held at fixed values consistent with levels determined 
in previous experiments on other sensors.  
The concentration of Glu was varied from 100 mM to 500 mM and Zn2+ concentrations 
varied from 5 mM to 40 mM based on amounts used by Glass et al. for comparable assays 
used for the development of ES517 and 57. Therefore, 57 (10 µM) was mixed with ONOO- 
(150 µM) before being exposed to Glu (100 mM, 200 mM, 300 mM, 400 mM, 500 mM) 
and incubated for 40 minutes. Zn(OAc)2 (Zn
2+ precursor) was then added followed by 
incubation for a further 15 minutes.   
These experiments enabled me to establish the conditions required to characterise the 
behaviour of 57, with low concentrations of Glu and Zn2+ (Figure 90, A & B) resulting in 
the probe 57 not responding in the expected manner. At the lowest concentrations (Figure 
90, A) initial addition of the ONOO- caused a large increase in fluorescence, relative to 
addition of the other analytes. The response to larger concentrations of Glu and Zn2+ 
(Figure 90, C, D & E) of 57 was much more in line with expectation, as the largest 
increase was in the presence of all three analytes. The best results are gained from the two 
most concentrated runs (Figure 90, D, E). The lower of these two concentration levels 
(Glu 400 mM and Zn2+ 30 mM) were then chosen for further analysis of 57, because these 
values were more representative of the physiological concentrations at synapses in 
neuronal systems. 
Figure 91 – Comparison of the levels of fluorescence at 462 nm for probe 57 and different concentrations of Glut and Zn2+, 
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 The results from the concentration screen are best summarised in a column chart (Figure 
91). This clearly shows an increase in fluorescence signal when all three analytes are 
present at relatively high concentrations, relative to the lack of fluorescence when the 
concentrations of Glu and Zn2+ were too low.  
Taking these conditions into consideration, I next completed a titration of 57 (10 µM) that 
had been preincubated with Glu (300 mM) and Zn2+ (30 mM) against different 
concentrations of ONOO- (5-200 µM). Preincubation of 57, Glu and Zn2+ formed a 
complex that was fluorescent at 417 nm upon excitation at 380 nm. Upon addition of 
ONOO- this peak decreased, in conjunction with the appearance of a bathochromically 
shifted peak at 455 nm (Figure 91). This demonstrated a ratiometric response of the 57-
Glu-Zn2+ complex towards ONOO-, caused by an increase in the concentration of the 
deprotected coumarin-Glu-Zn2+ complex (Figure 92). Although there was an overall 
decrease in fluorescence intensity, this relationship is potentially very useful for 
determining the presence of ONOO-, either inside the vesicle or once it has been released, 




Figure 92 – Titration of 57 (10 µM) pre-incubated with Glu (300 mM) and Zn2+ (30 mM) against ONOO- (5-220 µM). Assays 
carried out in PBS buffer (pH 7.4), λex = 380 nm (bandwidth 10 nm).   
ONOO- 
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I next sought to test the selectivity of 57 for ONOO-, with previous work by Glass et al. 
was sufficient evidence that the probe design was likely to be selective for the other two 
analytes. Therefore, 57 (10 µM) was incubated with Glu (300 mM) and Zn2+ (30 mM) and 
then exposed to a selection of different ROS to test the selectivity of the phenyl boronic 
acid pinacol ester unit for ONOO- mediated cleavage (Figure 94). Pre-incubation of the 
sensor with Glu and Zn2+ gave a 57-Glu-Zn2+ complex with a constant fluorescence level 
at 417 nm. However, addition of the various ROS changed the fluorescence in unforeseen 
ways. All ROS except ONOO- caused an increase in the level of the fluorescence level of 
the 57-Glu-Zn2+ complex, which may be due to perturbation of complexation between Zn2+ 
and the Glu moiety. ONOO- on the other hand, causes a dramatic decrease in the 
fluorescence of the 57-Glu-Zn2+ complex at 417 nm, accompanied by the appearance of a 
significant new peak at a longer wavelength of 455 nm, which is representative of cleavage 
of the phenyl boronic acid pinacol ester.  
The selectivity of probe 57 is more clearly observed in the column chart (Figure 95), 
which compares the intensity of the change of fluorescence at the two peaks in the 
presence of different ROS species, which clearly shows that 57 has selectivity for ONOO-.  
 
Figure 93 – Ratiometric curve (417 nm / 455 nm) of 57 (10 µM) pre-incubated with Glu (300 mM) and Zn2+ (30 mM) against 
ONOO- (5-220 µM) in PBS buffer (pH 7.4), λex = 380 nm (bandwidth 10 nm).   
  
Concentration of ONOO- (µM) 
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Figure 94 – Fluorescence spectra of 57 (10 µM) incubated with Glu (400 mM) and Zn2+ (30 mM) before addition of 
various ROS species (100 µM). All assays carried out in PBS buffer (pH 7.4), λex = 380 nm (bandwidth 10 nm).   
  
ONOO-  
Other ROS   
Neg Contr. 
Figure 95 – Fluorescence intensity of 57 at 455 nm/ 417 nm (10 µM) when incubated with Glu (400 mM) and Zn2+ (30 
mM) test against various ROS species (100 µM). All assays in PBS buffer (pH 7.4), λex = 380 nm (bandwidth 10 nm).   
  
Sensor + Glut 
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   2.4.5 Conclusion and Future Work 
A modification of Glass et al.’s probe 53 has resulted in the production of a triple analyte 
logic gate 57. In solution analysis of 57 shows that it responds to the presence of Glu, Zn2+, 
giving a peak at 417 nm, then exposure to ONOO- causes the cleavage of the Bpin unit and 
a bathochromic shift in the fluorescence to form an emission at 455 nm, confirming it can 
be used as a three-input MLG (table 4). 
This is a positive proof of concept and justifies further investigation of this probe, which 
could include more in-solution assays to gain a deeper analysis of the unusual selectivity 
profile of this probe for other ROS. Alternatively, cleavage of 57 by ONOO- can afford a 
phenol group whose pKa value is in the right range to enable monitoring of pH after the 
cleavage of the Bpin group. This could potentially expand the use of 57, to make it an 
MLG that reacts once with ONOO- and reversibly with Glu, Zn2+ whose fluorescent 
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2.5 Dual Analyte Sensor for ONOO- AND Hcys/Cys OR GSH 
  2.5.1 Literature Precedent 
Glutathione (GSH) is a tripeptide of glutamate (Glu), cysteine (Cys) and glycine (Gly), 
which is a naturally occurring anti-oxidant that occurs in a wide range of living species 
(Figure 96).47 GSH reduces other biological compounds by acting as an electron donor 
which results in it being transformed into an oxidised dimer of itself (GSSG).47 GSH is 
found in higher concentrations than either Cys or Hcys within the cell, with dysregulation 
of GSH levels implicated in the etiology and progress of several human diseases,48 
including cancer,49 chronic inflammation,50 neurodegenerative diseases51 and metabolic 
disorders.52 Given its importance, many fluorescent probes have been developed for the 
detection of GSH in living systems with a number of reactive pathways available for 
targeting GSH. Some of these approaches involve reaction of the thiol moiety on GSH 
with an aldehyde group to afford a fluorophore.53,54 However, this approach is not 
Fluorescein
Figure 97 – Fluorescein based 2.4-DNBS probe 64 for detection of thiols.  
64
65
Figure 96 – Structure of GSH 
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generally selective for GSH, because the probe is able to react with other sulfur amino 
acids, such as Hcys and Cys (Section 2.3.1). For example, the 2,4-dinitrobenzene sulfonyl 
ester (2,4-DNBS) group, based on Ellman’s reagent, is electron deficient and can be 
attacked by the thiol group of GSH via a nucleophilic aromatic substitution reaction.55 
Attaching this group to a fluorophore (64) as a masking unit, achieved by Itoh et al., 
increases sensitivity towards GSH. Attack from GSH liberates a new aromatic-GSH group 
(65), sulfur dioxide (SO2) and an active fluorophore. (Figure 97).
56 
 
More specific receptor groups have also been developed for the targeting of GSH over 
other biological thiols, including a 5-(dimethylamino) naphthalenesulfonamide unit that 
reacts with GSH selectively over Cys.57 When incorporated into a probe (66), specificity is 
obtained via a mix of the preferred chair conformation of the piperazine linker unit and the 
equatorial position of the sulfonimide, as well as a weaker S-N bond, relative to other 
similar probes (Figure 98).  
Figure 99 – GSH specific probe 68 with the aldehyde functionality (blue) and chloro group (red). 
68
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Yin et al. have developed a colorimetric and ratiometric chlorinated coumarinyl aldehyde 
probe that can be used to differentiate GSH from Hcys and Cys (Figure 99, 68).58 SNAr 
displacement of the chloro group of 68 by GSH (71) is followed by macrocyclization via 
iminium formation from condensation of its primary amino and aldehyde groups (72). The 
selectivity of the probe towards GSH, over other thiols, occurs as the thioene intermediates 
of Hcys and Cys undergo S-N rearrangement (69) to afford their corresponding amino-
coumarins (70). Further reaction of the thiol with the aldehyde functionality is disfavoured 
because it results in an unstable macrocyclic hemi-thioacetal product. The different species 
that are formed from reaction of the probe with Hcys/ Cys or GSH have different 
absorption / emission properties relative that enable the different thiol analytes to be 
distinguished. The Hcys/ Cys reaction product causes a blue-shifted absorbance relative to 
the probe; however, GSH has the opposite effect. The absorbance of the probe is shifted to 
longer wavelengths. The fluorescent output of Hcys/ Cys-Coumarin analogues was 
maximal for excitation at 385 nm, whilst fluorescence for the GSH-coumarin product was 
maximal for excitation at 476 nm.  
 
 
Figure 100 – The reaction pathway of 68 towards GSH and Hcys / Cys. GSH is not able to form the  
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  2.5.2 Design of Probes 73 and 74  
The structure of Yin’s probe (68) was modified to replace its diethylamino group with a 
phenol group to produce 73. This phenol group would then be appended to a 4-
methylphenylboronic acid pinacol ester to convey ONOO- sensitivity, producing probe 74. 
It was hoped that this new sensor would then function as a dual activated probe for sensing 
ONOO- AND GSH OR Hcys / Cys probe. 
 
  2.5.3 Synthesis of 73 and 74 
The proposed synthesis of 73 and 74 started with synthesis of the core 4,7-dihydroxy-2H-
chromen-2-one (77) through Pechmann condensation of malonic acid (75) and resorcinol 
(76) in the presence of ZnCl2 and POCl3. This reaction required quite a wasteful work-up 




Figure 101 – Structure of 73 containing a 7-hydroxy group (pink), chloro group (green), aldehyde group (blue) and 74 
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that was responsible for the poor 38% yield. A Vilsmeier Haack reaction with 77 and 
POCl3 gave 73 in a moderate 56% yield. The last step of the synthesis involved attempted 
alkylation of the phenol unit with 4-bromomethylphenylboronic acid pinacol ester, which 
proved unsuccessful, primarily due to the insolubility of 73 in common organic solvents. 
Several methods were carried out to encourage the reaction to proceed, including addition 
of KI to the reaction (the Finkelstein method), warming the reaction and using different 
solvents and bases – all to no avail. 
  2.5.4 Fluorescence Analysis of 73  
Although I was unsuccessful in preparing the full dual activated probe 74, it was decided to 
explore the fluorescent properties of the new parent probe 73, to see how its performance 
compared with Yin’s original probe.  
Firstly, the UV-vis absorbance of 73 (20 µM) was observed in the presence of GSH (200 
µM), Cys (200 µM) and Hcys (200 µM) (Figure 102). 73 alone showed a large absorption 
at 420 nm. Addition of Cys (200 µM) [or Hcys (200 µM)] resulted in a significant drop in 
this absorption and a slight increase in absorption at lower wavelengths (240-370 nm). 
Figure 102 – UV-Vis absorption spectrum of 73 (20 µM) – blue line, 73 (20 µM) + Cys (200 µM) – orange line, 73 (20 
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Addition of GSH (200 µM) resulted in a decrease in absorbance at 420 nm, in conjunction 
with the appearance of two new bathochromically shifted peaks. These two peaks are most 
probably due to the intermediate (78) and the final iminium ion (79) being produced. This 
allows for detection of the two different analytes at different wavelengths, much like 68. 
Exposing 73 (20 µM) to all three analytes (Cys, Hcys and GSH, 200 µM) and exciting the 
probe at the lower excitation of 360 nm revealed that that 73 was capable of distinguishing 
small thiols (Hcys / Cys) from GSH (Figure 103). Furthermore, the 68-GSH adduct gave a 
significant increase in the relative fluorescence when 73 was excited at the longer 
Figure 103 – Fluorescence spectra of 73 (20 µM) – grey and 73 (20 µM) with Cys (200 µM) – red, Hcys (200 µM) – 
blue, GSH (200 µM) - pink. All assays carried out In PBS buffer (pH 7.4) λEX 360 nm (bandwidth 10 nm). 
Figure 104 – Fluorescence spectra of 73 (20 µM) – grey and 73 (20 µM) with GSH (200 µM) – pink, Hcys (200 µM) 
– grey, Cys (200 µM) – orange. All assays carried out in PBS buffer (pH 7.4) λEX 460 nm (bandwidth 10 nm). 
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wavelength of 460 nm (Figure 104). Further selectivity studies and pH studies on this 
sensor are currently being carried out by another member of our research group to fully 
analyse the potential of the probe.  
 
                       2.5.5 Conclusion and Future Work  
A new coumarin based probe 73 has been developed from Yin et al.’s probe 68. 73 can be 
used in solution for the differentiation of small cellular thiols (Hcys & Cys) and GSH via 
the excitation at different wavelengths. 74 was designed to retain the ability to differentiate 
between thiols, but with added sensitivity to ONOO- to make it a dual analyte MLG. 
However, solubility issues hindered the synthesis.    
Further investigation into 73 and its behaviour with different analytes is being investigated, 
with the aim of its application in cells. Attempts are ongoing to successfully synthesise 74 
and test its function as an MLG, as well as attaching new reactive groups to add sensitivity 
to more target analytes. 
  
2.6 Chapter Conclusion 
In this chapter a number of new, coumarin based probes have been developed for the 
detection of multiple analytes. 42 was observed to have a good fluorescence response to 
both ONOO- and thiols in solution. However, cellular investigation showed that the probe 
was not soluble in physiological conditions.  
46 is a new probe that gives a large fluorescence response upon being exposed to NTR and 
Hcys in solution. It is currently being tested in cellular analysis by collaborators.  
Probe 57 is a three-input MLG that responds to glutamate, zinc and ONOO-. More in 
solution investigations are required to fully understand the behaviour of this probe. Also, 
selectivity studies for each of the analytes need to be conducted. Also, once exposed to 
ONOO- 57 could also potentially used as a pH indicator. After these have been completed, 
cell studies could be initiated.  
Finally, 74, an ONOO- “AND” GSH / Hcys probe was designed, but the final step was not 
achieved in the timeframe available. The precursor 73, however, was tested for behaviour 
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as it was also a novel compound. This showed that the design was capable of 
differentiating between GSH and the smaller thiols (Hcys and Cys). Attempts are being 
made to successfully synthesise the final compound and fully analyse the probe.   
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3.0 Fluorescein Based Probes  
In this chapter a brief overview of fluorescein and its use in fluorescent sensors shall be 
given. Then, a number of new probes that have been developed as a part of my research 
programme will be discussed. This will include literature precedent, probe design, analysis 
and a conclusion of their efficacy. 
A number of these probes (Section 3.2, Section 3.4 and Section 3.5) were developed and 
analysed as an equally contributed cooperation between myself and Dr Adam Sedgwick, a 
former member of the James group at Bath University. 
 
 3.1 Introduction 
Fluorescein is one of the most widely used fluorescent compounds that have been used 
extensively for the synthesis of fluorescent probes.1-5 It has an easily modifiable structure, 
high quantum yield and is non-toxic. The structure of fluorescein incorporates a benzoic 
acid moiety and a xanthene group (Figure 105), with the benzoic acid group potentially 
acting as a PET quencher of its xanthene fragment.6 
Figure 105 – Dynamic interconversion between acid 80 and lactone 81 forms of Fluorescein. 
80 
81 
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A variety of different fluorescein-based compounds have been produced to fully exploit 
fluorescein as a good fluorophore, including derivatives that incorporate halide variants 
like dichlorofluorescein (DCF, 82),7 rose Bengal (83)8 eosin (84, Figure 106)9, metal 
binding derivatives like Calcein,10 and other structural variants such as 6-
carboxyfluorescein,11 fluorescein isothiocyanate (FITC)12 and merbromin.13  
 
Fluorescein does not need to be modified to be used as a pH probe (Figure 107). At 
extremely low pH, it can exist as a cation 85. Otherwise, the lactone form 80 (pKa ~ 2.2) 
predominates in low pH environments. As the pH increases then the neutral form 81 is 
produced (pKa ~ 4.4), followed by the ring opened form 86 (pKa ~ 6.7) and finally the 
dianionic form 87 (pKa~ 9). This means that an increase in pH results in a dramatic 
increase in fluoresceence.14  
Adolf von Baeyer first synthesised fluorescein in 1871.15 Reaction of phthalic anhydride 
and resorcinol in the presence of a zinc chloride catalyst produces fluorescein through a 
Friedel-Crafts type mechanism. Later developments resulted in methanesulfonic acid being 
used as a Brønsted acid catalyst under milder conditions, with a reasonable mechanism for 
its formation shown in Figure 108.16 
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Methods to add functionality and sensitivity to fluorescein include blocking the electron 
donating ability of the oxygen atoms on the xanthene ring, which prevents ICT in the 
xanthene fragment, which results in fluorescent quenching. Other methods include 
attaching binding groups to different aromatic positions on either the xanthene or benzoic 
acid fragments, which can be used to modulate the PET characteristics of the compound. 
Several fluorescein probes for specific biological targets have been developed (See Section 
Figure 109 – Multi-analyte cleavage of a masked fluorescein probe to afford a fluorescent response.  
Figure 108 – Mechanism for formation of fluorescein. 
81 
 
Page | 98  
 
Fluorescein Based Probes 
Chapter Three 
1.5), including the -O2 probe HKSOX-1 (Figure 27)
17 and the NO probe containing a o-
phenylenediamine reactive group (Figure 39).18 
Modification of the phenols on the xanthene ring commonly occurs via deprotonation of 
the phenol group with the resultant phenolate anion reacting with an electrophile to afford 
a masked fluorophore (Figure 109). Subsequent reaction of these analytes with the masked 
phenol units then release a fluorescent unit which enables fluorescein to be potentially used 
as a core scaffold for multi-analyte detection (Section 1.6).  
 
 
Other positions of the core fluorescein can be modified via pre-functionalisation of sub-
units prior to assembly of its heterocyclic core, with this approach having been used to 
produce amino-19 and carboxy- derivatives (Figure 110),11 as well as variants with 
extended aromatic systems.20  Therefore, the versatility of the synthetic methodology 
available for the synthesis of fluorescein-based probes allows a wide variety of reactive 
functional groups to be attached to the central fluorophore that can be used to detect a large 







Figure 110 – Structures of 5-aminofluorescein 88 and 6-carboxyfluorescein 89.   
88 89 
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 3.2 Dual Analyte Probe for Detection of ONOO- and Fluoride   
 
  3.2.1 Literature Precedent 
ONOO-, as discussed previously (Section 1.5.4) is an ROS/ RNS that can be damaging in 
biological systems. It can be generated or observed at elevated levels in numerous human 
diseases. Fluoride (F-) is a highly reactive anion that is not used or produced in mammals, 
however, it can be introduced into biological systems through environmental exposure.21 
Fluoride anions are inherently toxic, with high levels known to cause damage to the 
brain,22 teeth,23 kidneys24 and thyroid.25 Several probes exist for the individual detection of 
ONOO- (Section 1.5.3.7) and F- individually,26-28 however, no dual analyte probes existed 
for the simultaneous detection of both species in the same sample. 
 
  3.2.2 Design of Probe 90 
It was decided to synthesise a fluorescein-based probe 90 for the dual detection of ONOO- 
and F-, using two reactive groups bound to each of the xanthene phenols (Figure 111).  
Sensitivity to ONOO- would arise from cleavage of a Bpin unit with sensitivity for F- 
coming from cleavage of a tert-butyl di-methyl silyl (OTBDMS) group. Simultaneous 
cleavage of both units produces an active fluorescein probe leading to a ‘turn-on’ response.  
Figure 111 – Dual analyte probe 90 for the detection of ONOO- using a Bpin group (red) and F- using a tert-butyl 
di-methyl silyl ether group (pink). 
90 
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3.2.3 Synthesis of Probe 90 
One of the phenol groups of fluorescein 81 was first reacted with N-phenyl 
bis(trifluoromethanesulfonamide) and DIPEA to afford mono triflate 91 in 46 % yield. 
This mono-triflate was then subjected to Pd0 catalysed Suzuki-Miyaura coupling 
conditions resulting in boronate ester 92 in 25% yield. Finally, protection of the phenol 
group of 92 was achieved via reaction of tert-butyl di-methylsilyl chloride (TBDMS-Cl) 
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  3.2.4 Fluorescent Analysis of Probe 90 
Initial studies on the performance of 90, revealed that this sensor fluoresced when 
dissolved in water, but not when dissolved in tetrahydrofuran (THF) (Figure 112). This 
unexpected observation was thought to be have been caused by the TBDMS group being 
too labile in aqueous systems, resulting in its hydrolysis and partial fluorescence of the 
sensor when no analyte was present. Therefore, this probe was deemed not to be useful as a 
sensor in aqueous and biological systems; however, it could potentially be used to detect 









ON/ OFF tests were conducted with the individual analytes using a prepared solution of 
ONOO- and tetrabutylammonium fluoride (TBAF, a standard stabilised alternative for F-). 
A small increase in fluorescence was observed on addition of 2 mM TBAF to 0.5 µM 
solution of the probe in THF, which was assigned to the TBDMS group being cleaved to 
liberate the first phenol of the xanthene fragment. Subsequent additions of ONOO- (1-600 
µM) resulted in oxidation of the boronic acid pinacol ester fragment to generate the fully 
deprotected fluorescein unit (Figure 113). This second cleavage event resulted in a 66-fold 
increase in the fluorescence intensity of the compound at 525 nm which enabled a linear 
relationship with the peroxynitrite concentration to be extrapolated (Figure 114). 
Changing the order of addition of each analyte, initial addition of ONOO- (500 µM) to the 
sensor first, resulted in a small increase in the baseline fluorescence. Pleasingly, 
subsequent addition of TBAF (2 mM) once again resulted in a large increase in 
A B 
Figure 112 – Sensor 90 dissolved in THF (A) and water (B). 
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fluorescence of 57-fold, thus demonstrating the ability of the sensor for the dual detection 
of fluoride and peroxynitrite anions (Figure 115). 
 
Figure 114 – Fluorescent intensity changes (I/I0) of sensor 90 (0.5 µM) with addition of TBAF (2 mM) first and then 
addition of ONOO- (0 – 600 µM) in solution of THF. λEX = 480 nm (bandwidth 10 nm) and λem = 525 nm. 
Figure 113 – Fluorescent spectra of sensor 90 (0.5 µM): (a) Sensor (black); (b) Sensor and TBAF (2 mM) (red); (c) Sensor 
and TBAF (2 mM) plus increasing amounts of ONOO- (0 – 600 µM). λEX = 480 nm (bandwidth 10 nm). 
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These analyses clearly revealed that 90 could be used as a dual sensing probe for the 
detection fluoride and peroxynitrite anions in organic solvent. 
 
  3.2.5 Conclusion and Future Work 
Probe 90 was designed to be an ONOO- “AND” F- probe that used the reactivity of the 
analytes to cleave receptor groups and yield and active fluorescein fluorophore. However, 
it was observed to be fluorescent in aqueous systems and had to be tested in an organic 
solvent. In THF 90 was observed to react only in the presence of both of the target 
analytes. A dose dependent increase in the fluorescence was observed after the incubation 
of the probe with TBAF and subsequent addition of ONOO-.  
However, due to the lack of applicability of the probe in biological systems, further 
analysis was halted. Modification of the probe to have a slightly less reactive F- sensitive 
group could produce a usable probe; work into the development of such a probe is being 
undertaken in the group, including investigation into the cause of the fluorescence and 
possible AIE.  
Figure 115 – Fluorescent spectra of sensor 90 (0.5 µM): (a) 90 (black); (b) 90 and ONOO- (500 µM) (red); (c) 90 
and ONOO- (500 µM) and TBAF (2 mM) (blue). λEX = 480 nm (bandwidth 10 nm) 
 
 
Page | 104  
 
Fluorescein Based Probes 
Chapter Three 
3.3 Fluorescein Hydrazone Based Probes for ONOO-  
 
   3.3.1 Literature Precedent and Design  
Fluorescein-hydrazone 93 is a structural variant of fluorescein containing a hydrazine (NH-
2-NH2) group in place of the lactone oxygen group of fluorescein. This compound has 
sensitivity to copper (Cu) and structural variants have been shown to exhibit sensitivity 
towards chemical species, such as Hg2+ and HClO.29-31 This type of hydrazide motif has 
also been used to develop several ONOO- probes.32,33  
For example, Feng et al. developed a rhodamine like non-fluorescent spiro probe 94 which 
is oxidized by ONOO- to afford a fluorescent compound 95 with a large increase in 
fluorescence response.33 Several other probes of this type have been developed to detect 
ONOO-, however, the simplest form of the fluorescein-hydrazone (93) had only been 
tested against HClO and not against the more biologically relevant ONOO-. Consequently, 
we decided to synthesize 93 and test it for reactivity towards ONOO-, with the aim of 
further modifying its structure to introduce new sensing functionality as required. 
Figure 116 – Fluorescein hydrazone 93. 
 
93 
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   3.3.2 Synthesis of Probe 93 
The synthesis of 93 was achieved by refluxing fluorescein 81 and hydrazine hydrate 






  3.3.3 Fluorescent analysis of sensor 93  
Initial studies into the fluorescent properties of 93 were determined by exposing it to 
known concentrations of ONOO- and HClO to compare their reactivities. 93 (10 µM) was 
dissolved in PBS buffer (pH 7.2) and exposed to increasing concentrations of ONOO- and 
HClO. These studies showed that 93 was reactive to both species but showed a 
significantly higher reactivity to ONOO- (Figure 118, Figure 119) over HClO (Figure 
120, Figure 121), exhibiting a relative increase in intensity of ~560 fold compared to ~20 
fold, respectively. Interestingly, the fluorescence maxima observed when 93 was reacted 
with ONOO- occurred at a slightly lower wavelength relative to when 93 was reacted with 
HClO. This indicates that a different structurally related product may be produced from 
each analyte, however further study into this phenomenon was not conducted. The 
reactivity differences between the two analytes can be attributed to the much higher 
nucleophilicity of ONOO- relative to HClO/ClO-, which can be maximised by measuring 
the response of the sensor directly after addition of each analyte.  
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Figure 119 – Fluorescence intensity changes (I/IONOO-) for 93 (10 µM) upon addition of HClO (0-400 µM) in PBS buffer (pH 
7.4), λex = 480 nm (bandwidth 10 nm), λem = 519 nm.  
 
 
Figure 118 – Fluorescence spectra of 93 (10 µM) upon addition of HClO (0-400 µM) in PBS buffer (pH 7.4), λex = 480 nm 
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Figure 121 – Fluorescence intensity changes (I/IONOO-) for 93 (10 µM) upon addition of HClO (0-400 µM) in PBS 
buffer (pH 7.4), λex = 480 nm (bandwidth 10 nm), λem = 519 nm. 
 
 
Figure 120 – Fluorescence spectra of 93 (10 µM) with addition of ONOO- (0-400 µM) in PBS buffer (pH 7.4), λex 
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Next a selectivity study was carried out to test the reactivity of 93 against several other 
ROS/ RNS (Figure 122 & Figure 123). This revealed that other ROS/ RNS species had a 
much lower response than either ONOO- or HClO, showing the selectivity of hydrazine 
reactive group. 
Figure 123 – Column chart for the selectivity of 93 (10 µM) against 1) RO•, 2) HClO, 3) H2O2, 4) ONOO-, 5) •OH, 6) O2-, 7) 
1O2 (500 µM) and incubated for 30 mins. In PBS buffer (pH 7.4), λex = 480 nm (bandwidth 10 nm), λem = 513 nm. 
HClO 
ONOO- 
Figure 122 – Fluorescence spectra of 93 (10 µM) upon addition of ONOO- (500 µM), HClO (500 µM) and other ROS species 
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  3.3.4 Additional Design and Synthesis of 96 
Having demonstrated that the hydrazine sensor 93 could be used to detect ONOO- and 
HClO, it was decided to carry out structural modifications to see if selectivity would 
change and whether we could add further sensitivity and develop an MLG for multi-
analyte detection. This was achieved by reacting 93 with benzaldehyde in EtOH to form 
the hydrazinyl imine 96 in a good 89% yield (Scheme 7).  
                  3.3.5 Fluorescence Analysis of 96 
The reactivity of imine sensor 96 towards ONOO- and HClO was then determined. 96 (10 
µM) was monitored in the presence of increasing concentrations of ONOO- (Figure 124 & 
Figure 125) and HClO (Figure 126 & Figure 127) (0-220 µM), respectively. This 
Figure 124 – Fluorescence spectra of 96 (10 µM) upon addition of ONOO- (0-220 µM) in PBS buffer (pH 7.4), λex = 480 nm 
(bandwidth 10 nm).  
 
ONOO- 
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revealed that 96 was also sensitive to both of these analytes, although it exhibited a lower 
fluorescent response towards ROS species than the parent hydrazine sensor 93. 96 only had 
a ~40-fold increase in fluorescence towards ONOO-, and a ~2-fold increase in fluorescence 
for HClO. This decrease in fluorescence intensity relative to 93 could be attributed to the 
intrinsically lower reactivity of the probe, due to the presence of its alkylated hydrazine 









Figure 125 – Fluorescence intensity changes (I/IONOO-) for 96 (10 µM) upon addition of ONOO- (0-220 µM) in PBS buffer 
(pH 7.4), λex = 480 nm (bandwidth 10 nm), λem = 513 nm.  
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Figure 127 – Fluorescence intensity changes (I/IONOO-) for 96 (10 µM) upon addition of HClO (0-220 µM) in PBS buffer (pH 
7.4), λex = 480 nm (bandwidth 10 nm), λem = 519 nm. 
 
Figure 126 – Fluorescence spectra of 96 (10 µM) upon addition of HClO (0-220 µM) in PBS buffer (pH 7.4), λex = 480 nm 
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Figure 129 – Column chart for the relative selectivity of 96 (10 µM) against 1) RO•, 2) HClO, 3) H2O2, 4) ONOO-, 5) •OH, 6) 
O2-, 7) 1O2 (500 µM) and incubated for 30 mins. In PBS buffer (pH 7.4), λex = 480 nm (bandwidth 10 nm), λem = 513 nm. 
 
Figure 128 – Fluorescence spectra of 96 (10 µM) with addition of ONOO- (500 µM), HClO (500 µM) and other ROS species 
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Selectivity studies were then conducted on 96 to test its selectivity to ROS/ RNS species. 
96 (10 µM) was incubated with other ROS/ RNS species (500 µM) (Figure 128). These 
results confirmed that the benzyl appended 96 had a lower selectivity for ONOO- relative 
to other ROS species when compared to the original 93. Selectivity can be more easily 
visualised in a column chart (Figure 129), showing the lower specificity relative to 93, 
more easily and a higher level of fluorescence from the other ROS/ RNS.  
 
  3.3.6 Conclusion and future work 
In this section, we have used the fluorescein hydrazine 93 to selectively detect ONOO- 
over other ROS/ RNS species, including HClO. In an attempt to potentially expand the use 
of this probe, a phenyl group was bound to the primary amine functionality to yield 96. 
Fluorescence studies showed that although the same overall reactivity profile was retained, 
a lower fluorescence response was observed, with a lower selectivity for ONOO-. Ideally, 
we would see an increase in each of these factors, selectivity and sensitivity, for the second 
iteration of a probe. However, the potential for adding secondary functionality on this 
probe, might compensate for the loss in each of these.  
Work into the hydrazine functionality is ongoing, with the aim of developing an “AND” 
MLG for the dual detection of ONOO- and a second analyte, with the potential of adding a 
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3.4 Dual ONOO- and Nitroreductase probe 
3.4.1 Literature Precedent and Design of Probe 97 
ONOO-, as discussed previously (Section 1.5.4), is an RNS that can be damaging in 
cellular environments and is found in numerous human diseases and so there is an urgent 
need to develop a sensitive probe to image it in cell systems.  
Nitroreductases (NTRs) are overexpressed in tumours, whose expression levels can be 
used to monitor the hypoxic state of their cells (Section 2.4.1), with several agents having 
been developed for their imaging.34,35  
Similar to the design used for our previous fluorescein-based sensor (Section 3.4), we 
wanted to employ a dual analyte fluorophore design based on attaching ONOO- and NTR 
97 
Figure 130 – Structure of 97, with its B-pin group shown in red and its 4-nitrophenyl group shown in blue. 
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sensitive receptor groups to a fluorescein core (Figure 130). This would be achieved by 
attaching a Bpin group to one of the xanthinic oxygen atoms and a 4-nitrophenyl group to 
its other aryl fragment. This should result in a dual analyte “AND” MLG for the detection 
of NTR and ONOO- with good solubility and photophysical properties (Figure 131).  
 
  3.4.2 Synthesis of Probe 97 
The synthesis of the new dual NTR and ONOO- probe 97 followed the synthesis of probe 
90 (Section 3.3.2) until the last step, with 4-nitrobenzyl bromide used as an electrophile in 
place of 2,4-dinitrobenzylsulfonly chloride. Therefore, the Bpin compound 92 was coupled 
with 4-nitrobenzyl bromide and K2CO3 in acetonitrile (MeCN) at 0 
oC to afford the desired 
final compound 97 in 68% yield (Scheme 8).  
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3.4.3 Fluorescent properties of probe 97 
The successful synthesis and characterisation of 97 allowed for initial fluorescence 
analysis of the probe to be undertaken. Singh et al. previously developed a dual analyte 
hypoxia and NO fluorescent probe which employed sodium dithionite (Na2S2O4) (Section 
2.4) as a surrogate reducing agent for NTR to reduce the nitro group to its corresponding 
amino group.36 Hence, it was decided to use Na2S2O4 as a trigger to reduce the nitro group 
(instead of NTR + NADPH) of the probe in the presence of ONOO-, before sending it to 
our collaborators for full studies using NTR and NADPH as a reducing mixture. 
Figure 132 – Fluorescence spectra of 97 (10 µM) with A) Na2S2O4 (200 µM) 20-minute incubation – orange; Na2S2O4 (200 
µM) + ONOO- (20 µM) – blue. B) ONOO- (20 µM) – blue; ONOO- (20 µM) + Na2S2O4 (200 µM) 20-min incubation – orange. 





Na2S2O4 + ONOO- 
ONOO- + Na2S2O4 
ONOO- 
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97 (10 µM) was exposed first to Na2S2O4 (100 µM) followed by ONOO
- (20 µM) and in 
the reverse order of this. Measurements were taken immediately after the addition of 
ONOO- and 20-minute incubation with the Na2S2O4 was allowed for the reduction of the 
nitro-group.  
In the first experiment Na2S2O4 was first added, which only resulted in a small increase in 
fluorescence (Figure 132, A). Subsequent addition of ONOO- resulted in a large increase 
in fluorescence, indicating that the probe was behaving as envisaged. However, upon 
reversal of the addition of the analytes (Figure 132, B) a large response was seen on initial 
addition of ONOO-, with subsequent addition of Na2S2O4 affording a further increase in 
fluorescence, but not as large as expected. These results were best visualized in the column 
charts, with 97 working as expected in the first experiment (Figure 133, A) with a 
negligible increase from addition of the first analyte (Na2S2O4), followed by fluorescence 
‘turn-on’ on addition of the second analyte (ONOO-). 
 However, the second experiment (Figure 133, B), reveals a large increase (~5-fold) 
addition of the first analyte (ONOO-) and a further increase (~3-fold) on addition of the 
second analyte (Na2S2O4). This behaviour was not ideal as the turn-on behaviour of 97 is 
essentially lost in the presence of ONOO-, regardless of whether Na2S2O4 is present. 
Nevertheless, this probe has been sent to Dr Robert Elmes (Maynooth University) to 
determine its fluorescent response using NTR (and NADPH cofactor) as a reducing agent 
for its nitro group in assay and cellular systems. 
A B 
Figure 133 – Column chart of the fluorescence intensities (I/I0) of 97 (10 µM) with A) Na2S2O4 (200 µM) 20-minute incuba-
tion, Na2S2O4 (200 µM) + ONOO- (20 µM). B) ONOO- (20 µM), ONOO- (20 µM) + Na2S2O4 (200 µM) 20-minute incubation. 
Buffer PBS (pH 7.4), λEX 485 nm (bandwidth 10 nm), λEX 516 nm. 
 
97 97 Na2S2O4 Na2S2O4 
Na2S2O4 
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3.5 Dual analyte probe for Glutathione and ONOO-   
  3.5.1 Literature precedent    
 
Glutathione (GSH) is a tripeptide that occurs as a naturally occurring anti-oxidant at 
relatively high concentrations in a wide range of organisms, introduced earlier (Section 
2.5.1).  
GSH acts as an electron donor to reduce other potentially toxic biological compounds that 
may be formed within the cell (Figure 134), which results in GSH being oxidised 
glutathione disulphide (GSSG). Dysregulation of GSH levels in the body have been 
implicated in the etiology / progression of several human diseases, as such a number of 
probes have been developed for its detection, with varying levels of selectivity being 
achieved. These have been discussed previously (Section 2.5.1). 
Na2S2O4 
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The harmful effects of ONOO- have been discussed in detail previously (Section 1.5.3.7), 
with GSH offering some protection against its oxidising effects in cellular systems. The 
balance between ONOO- and GSH can become unequal in diseased states, so a sensor that 
could be used to reveal the relationship that exists between them could afford a valuable 
insight into important mechanisms that underpin different disease states.  
Only a few fluorescent probes exist that enable the detection of both species, with one 
example being developed by Han et al., in an OFF-ON-OFF sensor that reversibly detects 
the presence of both species (Figure 135). Reaction with ONOO- first oxidises the 
selenium-based probe 101 to ‘turn-on’ its fluorescence in 102, with GSH then serving to 
reducing the sensor to turn its fluorescence back off. This probe and others like it, allow for 
monitoring of the relative level of ONOO- and GHS over time, however, no AND probe 
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  3.5.2 Design and Synthesis of Probe 103 
 
We wished to develop a dual analyte sensor 103 based on a core fluorescein unit appended 
with a Bpin moiety as a reactive targeting group for ONOO- and 2,4-DNBS as a targeting 
group for GSH (Figure 136). The late stage Bpin intermediate 92 previously used to 
prepare the previous fluorescein sensor (see Section 3.3) was functionalised by treatment 
with 2,4-dinitrobenzenesulfonyl chloride in the presence of K2CO3 to produce the final 








Figure 136 – Dual analyte probe 103 incorporating a boronic acid pinacol ester group (red) for the detection of ONOO- and 
a 2,4-dinitrobenzenesulfonyl group (blue) for detection of GSH.  
103 
81 
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  3.5.3 Fluorescence Analysis of Probe 103 
 
The sensor 103 was dissolved in DMSO and diluted into a buffer solution (52 wt. % 
MeOH, pH 8.21 at 25 °C) which showed very negligible fluorescence. In the first test, 
GSH was added which caused a 10-fold increase in fluorescence, with subsequent addition 
of ONOO- resulting in cleavage of the B-pin group which triggered a further large (~650-
fold) increase in fluorescence (Figure 137 & Figure 138). These results confirmed that the 
‘turn on’ of the probe 103 by both ONOO- and GSH was required for a large increase in 
fluorescence to occur. Reversal of the addition sequence of the analytes was then 
investigated, with the probe providing a negligible turn on when exposed to ONOO- and 
subsequent addition of GSH resulting in a ~700-fold increase in fluorescence (Figure 
139). A linear relationship was observed between 103 incubated with the first analyte and 
the addition of the second analyte (Figure 140). A tailing off of the increases is seen at 
higher concentrations.  
Figure 137 – Fluorescence spectra of 103 (0.5 µM) in the presence of GSH (200 µM) followed by subsequent addition of 
ONOO- (0-10 µM) in buffer (52 wt. % MeOH, pH 8.21 at 25 °C). Fluorescence intensities measured at  
               λex = 488 nm, slit widths ex = 5 nm and em= 2.5 nm. 
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Figure 139 – Fluorescence spectra of 103 (0.5 µM) with addition of ONOO- (10 µM) then subsequent addition of 
GSH (0-80 µM) in buffer (52 wt. % MeOH, pH 8.21 at 25 °C). Fluorescence intensities were measured with 
                λex =    488 nm with, slit widths ex = 5 nm and em= 2.5 nm. 
Figure 138 – Fluorescence intensity changes (I/IGSH) for 103 (0.5 µM) with addition of GSH (200 µM) followed by the addition 
of ONOO- (0 - 10 µM), in buffer solution (52 wt. % MeOH, pH = 8.21 at 25 °C). Fluorescence intensities were measured  
               with λex = 488 nm/ λem = 512 nm, slit widths ex = 5 nm and em= 2.5 nm. 
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Figure 141 – Fluorescence spectra of 103 (0.5 µM) and ONOO- (10 µM) in the presence of GSH and other amino acids (100 
µM) after 5 min incubation. Buffer solution (52 wt. % MeOH, pH = 8.21 at 25 °C). Fluorescence intensities measured at λex 
= 488 nm/ λem = 512 nm, slit widths ex = 5 nm and em= 2.5 nm. 
 
Figure 140 – Fluorescence intensity changes (I/IONOO-) for 103 (0.5 µM) in the presence of ONOO- (10 µM) followed by addi-
tion of GSH (0 - 80 µM) in buffer solution (52 wt. % MeOH, pH = 8.21 at 25 °C). Fluorescence intensities measured at 
                  λex = 488 nm/ λem = 512 nm, slit widths ex = 5 nm and em= 2.5 nm. 
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Since fluorescence studies had shown that the probe only gave a substantial response in the 
presence of both ONOO- and GSH analytes, the selectivity of the sensor over cysteine and 
other α-amino acids that are present in the cell were investigated. Cysteine gave a positive 
result, resulting in a similar increase in fluorescent response in the presence of ONOO- 
observed for GSH, with other amino acids resulting in a negligible increase in fluorescence 
(Figure 141). A column chart can visualise the results easily (Figure 142). However, the 
biological levels of GSH (1-10 mM) are far larger than that of Cys (30-200 µM) which 





Figure 142 – Fluorescent response of 103 (0.5 µM) ONOO- (10 µM) in the presence of 100 µM amino acid solution (1- GSH, 
2 – Cys, 3 – Met, 4 – Tryp, 5 – Ser, 6 – Lys, 7 – Leu, 8 – Glu, 9 – Val, 10 – Arg, 11 – His, 12 – Asp, 13 – Blank). Buffer solution 
(52 wt. % MeOH), pH = 8.21 at 25 °C. Fluorescence intensities measured at λex = 488 nm/ λem = 512 nm, slit widths ex = 5 
nm and em= 2.5 nm. 
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Figure 144 – Fluorescence spectra of 103 (0.5 µM) and GSH (200 µM) in the presence of ONOO- (10 µM) and other ROS / 
RNS species (100 µM): 1 – ONOO- (10 μM), 2 – H2O2, 3 – ClO-, 4 – KO2, 5 – 1O2, 6 – HO•, 7 – ROO•. Buffer solution (52 wt. % 
MeOH), pH = 8.21 at 25 °C. Fluorescence intensities were measured with λex = 488 nm/ λem = 512 nm, slit widths ex = 5 nm 
and em= 2.5 nm. 
 
Figure 143 – Fluorescence spectra of 103 (0.5 µM) and GSH (200 µM) in the presence of ONOO- (10 µM) and other ROS / 
RNS (100 µM). Buffer solution (52 wt. % MeOH), pH = 8.21 at 25 °C. Fluorescence intensities measured at λex = 488 nm/ 
λem = 512 nm, slit widths ex = 5 nm and em= 2.5 nm. 
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We then investigated the selectivity of the sensor 103 towards other ROS/ RNS (H2O2, 
ClO-, KO2, 
1O2, HO
•, ROO•), which revealed that a ‘turn-on’ fluorescent response for this 
probe was only observed for ONOO- (Figure 143). Column chart of these results show this 
clearly (Figure 144). 
Therefore, it was reasoned that this sensor should be capable of detecting GSH and 
peroxynitrite in levels in cellular systems with no interference from cysteine, or other 
biologically relevant ROS/RNS. 
The “red-ox” cycle that both ONOO- and GSH have vital roles in, is perturbed in several 
diseases, including cancers (skin, kidney, breast), neurological diseases and ageing. A 
probe that could detect the levels of these analytes could possibly be used for an early 
diagnosis tool as well as a tool for the investigation between the two species. 
Figure 145 – a) Hep-G2 cells incubated with 103 (10 µM, 30 min). b) Cells incubated with 103 (10 µM, 30 min) and treated 
with GSH (0.3 mM, 30 min) and imaged. c) Cells treated with 103 (10 µM, 30 min) and 3-morpholinosydnonimine (SIN-1, a 
ONOO- donor, 0.5 mM, 30min). d) Cells treated with 103 (10 µM, 30 min), GSH (0.3 mM) and SIN-1 (0.5 mM, 30min). Flu-
orescence images were recorded using an Operetta high-content imaging system (Perkin Elmer, US) with an excitation 
wavelength of 460-490 nm and emission wavelength of 580-650 nm. Data was quantified and plotted using a Columbus 
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Following these successful fluorescence and selectivity tests and its possible use as a 
diagnostic tool, probe 103 was sent to the research group of Professor Xiao-Peng He at 
East China University of Science and Technology (ECUST) to test its ability to detect 
peroxynitrite and GSH in cellular systems. 103 was incubated with Hep-G2 cells where it 
was shown to exhibit good solubility in the buffer media as well as good membrane 
permeability (Figure 145, a). No fluorescence response was observed when the Hep-G2 
cells were incubated with GSH (Figure 145, b), or when SIN-1 was used as an 
extracellular ONOO- donor (Figure 145, c). However, when cells that had been incubated 
with 103 were exposed to both GSH and ONOO- analytes, a clear and substantial turn on of 
fluorescence was observed. Similar results were also observed for a RAW264.7 cell line, 
with a near doubling in fluorescence intensity observed in the presence of both GSH and 
ONOO- (Figure 146).  
Figure 146 – a) Fluorescence imaging of RAW264.7 cells with 103 (10 µM, 30 min) with and without exogenously added 
GSH (50 μM) and/or SIN-1 (500 μM). Excitation channel = 460–490 nm, emission channel filtered = 530–590 nm. b) Bar 
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The ability of probe 103 to react with GSH and ONOO- produced in-situ within the cell 
was then determined. Lipopolysaccharide (LPS) has previously been used to stimulate 
production of ONOO-. It does this via its binding of CD14/TLR4/MD2 receptor and 
causing the production of many inflammatory cytokines, including NO and O-2 which can 
react to form ONOO-. Caffeic acid (CA) has been used as a treatment for inflammation 
through its ability to induce intracellular production of GSH. When the HEP-G2 cells were 
incubated with 103 then no fluorescence was observed (Figure 147, b), with addition of 
LPS resulting in only a small amount of ‘turn on’ fluorescence of the cells (Figure 147, c). 
Figure 147 – Fluorescence imaging of RAW264.7 cells in the presence of a) 103 (10 µM, 30 min);  b) 103 (10 µM, 30 
min) and LPS (1 µg/ mL); c) 103 (10 µM, 30 min), LPS(1 µg/ mL) and 20 µM; d) 103 (10 µM, 30 min), LPS(1 µg/ mL) 
and 50 µM; e) 103 (10 µM, 30 min), LPS(1 µg/ mL) and 100 µM; f) 103 (10 µM, 30 min), LPS(1 µg/ mL) and 500 µM; 
g) Bar chart of the normalized intensity from the fluorescence intensity. Cell nuclei were stained with Hoechst 
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However, subsequent addition of CA resulted in an increase in cellular fluorescence 
intensity (Figure 147, d), with the normalised fluorescence intensity values clearly 
demonstrating that this probe could be used to visualise cells containing elevated levels of 
ONOO- and GSH (Figure 147, e). As the concentration of CA increases from 0-100 µM, 
the level of GSH that is produced by the cells increases. Accordingly, the fluorescence of 
the probe also increases, as more of the masking group is cleaved. At much higher levels of 
CA (500 µM) a quenching of the fluorescence is observed. This could be attributed to a 
large amount of GSH being produced, rapidly quenching the ONOO- that has been 
produced through LPS stimulation.  
Cell proliferation assays were then carried out to determine the toxicity of this probe in 
cells (Figure 148), which clearly revealed that RAW264.7 cell division was viable in the 
presence of probe 103. Cells were plated into 96 well plates with growth medium and left 
overnight. The cells were then seeded and treated with 103 of different concentrations for 
24 h. Then a solution of MTS/PMS (20:1, Promega Corp) (10 µL per well) was added to 
each well containing 100 µL of growth medium. After being incubated at 37 °C under 5 % 
CO2 for 2 h, absorbance of the solutions was measured at 490 nm using an M5 microplate 
reader (Molecular Device, USA). The optical density of the result in MTS assay was 
directly proportional to the number of viable cells. 
 
 
Figure 148 – Cell viability of RAW264.7 for increasing 103 concentrations.  
 
 
Page | 130  
 
Fluorescein Based Probes 
Chapter Three 
3.5.4 Conclusion and future work 
A new probe 103 has been designed and synthesized for the dual detection of GSH and 
ONOO- which contains reactive 2,4-DNBS and Bpin groups whose cleavage results in 
release of fluorescein as a fluorescent reporting unit. Fluorescent analysis showed only a 
small increase in the fluorescence when either GSH or ONOO- was present, with a clear 
and significant fluorescence occurring when both analytes were present. Cellular studies in 
human cancer cells showed that 103 could be used to simultaneously detect exogenous 
GSH and ONOO-, as well as detect the presence of GSH and ONOO- that was generated in 
situ through the action of SIN-1 and CA.  Further work is currently underway in the group 
to add targeting groups to the core structure of the probe that will enable it to be localised 
to specific organelles within the cell. 
This successful development of a dual GSH “AND” ONOO- molecular probe has been 
published in Chemical Science.38 
 
 
  3.6 Chapter conclusion 
A number of new fluorescein-based probes have been developed for the analysis of various 
analytes. 90 was an ONOO- and F- probe that was not suitable for use in aqueous systems. 
However, in THF the probe showed that the dual detection of these two analytes was 
feasible. 93 is a hydrazone based ONOO- probe that was shown to detect both HClO and 
ONOO-, with a modification of its hydrazine motif producing 96, which showed much 
better selectivity to ONOO- over HClO. This probe has potential to be expanded through 
the addition of other functional units. 97 is an ONOO- and NTR probe that can detect 
various concentrations of these analytes in solution-based assays. Cellular studies are being 
undertaken with Dr Robert Elmes. 103 is a GSH and ONOO- probe that was very 
successful in the dual detection of these analytes. In solution assays showed that the probe 
has a very good response only when both analytes are present and that the probe is very 
selective to off target species. In addition, cell studies have shown that 103 can be used for 
the studying of the levels of both analytes in cellular environments and this had led to the 
publishing of a paper in a renowned journal.   
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4.0 TCF Based Probes  
This chapter will briefly describe the TCF unit and how it has been harnessed as a tool in 
fluorescence sensing. Then a number of new probes based on the TCF unit for the 
detection of ONOO- and intracellular thiols will be designed, synthesised and analysed.  
This work was completed with Dr Adam Sedgwick, a former member of the James 
research group at the University of Bath, with an equal contribution made by each party. 
 
 4.1 Introduction  
 
2-Dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (tricyanovinyldihydrofuran 
/ TCF) was first synthesized in 2002 by Melikian et al. in 1995 for potential use as a 
cytostatic or pesticidal agent.1 The di-methyl appended version of this molecule is 
dicyanomethylenedihydrofuran (DCDHF), but the acronym TCF has been used for this 
general class of molecule (Figure 149). 
TCF is a highly functionalized furan ring with three highly electron withdrawing cyano  
(-C≡N) groups attached to one side of the furan ring. Due to the favourable electronics in 
this system it has been incorporated into many different non-linear optical materials 
(NLOs)2-4 and a variety of push-pull ICT based probes for the detection of numerous 
analytes.5-7 The long wavelength of TCF probe systems are beneficial for the imaging of 
living systems due to the propensity of longer wavelengths to penetrate deep into tissues 
and its ability to avoid auto-fluorescence.8 The synthesis of the TCF unit 104 can be 
achieved via reaction of an α-hydroxy ketone (α-ketol) 106 and two equivalents of 
malonitrile 105 under basic conditions. The first step of this reaction was a condensation 
Figure 149 – Structure of TCF. 
104 
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reaction between a malonitrile and aldehyde group with the resulting α-hydroxy group 
attacking a cyano group to form intermediate 107 and then iminolactone 108. The 
iminolactone reacts with a second equivalent of malonitrile, producing ammonia and the 
tri-cyano containing TCF 104, via the intermediate 109 (Figure 150).  
The most popular method for the use of TCF for sensing applications includes connecting 
an electron donor moiety bound through a π-linker to the TCF unit. Upon reaction with an 
analyte the masking unit is cleaved and allows the ICT of the electron donor-π-acceptor 
behaviour of the sensor to turn on. These reaction units are normally formed through 
connection of TCF and an aromatic aldehyde to form a 4-substituted unsaturated 
dihydrofuran unit (Figure 151). Xu et al. harnessed this methodology to develop a 







Figure 151 – Adol reaction of TCF 104 with an aromatic aldehyde. 
104 
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hydrazine sensitive fluorescent probe (Figure 152).9 The TCF base structure was reacted 
with 4-hydroxybenzaldehyde and subsequently masked with a hydrazine sensitive acetyl 
group, that blocks the ICT process from occurring. Upon exposure to hydrazine the acetyl 
group is cleaved and the resulting phenol group acts as an electron donating group that 
allows ICT and the sensor to turn on. This causes a bathochromic shift in both the 
absorbance and the emission spectra, which is associated with a dramatic increase in the 
fluorescence. 
 
Kim et al. used a BODIPY-TCF based probe for the detection of HClO (Figure 153).10 
The two fluorophores were connected through an alkene linker to create a highly 
Scheme 152 – TCF probe 110 being activated by N2H4 into 111.  
110 111
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conjugated system which induces a bathochromic shift in the absorption and emission 
spectra of the BODIPY fragment. Upon exposure to HClO the alkene bond is oxidatively 
cleaved to disconnect the two systems, which causes a reversal of the shift in the 
absorption and emission spectra which results in a ratiometric response from the probe.  
 
  4.2 TCF based ONOO- probes 
 
    4.2.1 Design of Probes 114 and 115 
The need to develop sensitive probes for the detection of ONOO- has already been 
discussed in this thesis (Section 1.3.5.7). In this respect, the use of boronic acid pinacol 
ester units for the detection of ONOO- has been shown to be a proven and reliable trigger / 
masking unit. We postulated that there was an opportunity to produce a probe based on the 
TCF fluorophore 104 that was sensitive to ONOO-, with the production of a TCF based 
long wavelength probe of particular use for the study of ONOO- in whole animal systems.  
 
We wanted to explore the use of two main methods for the attachment of B-pin groups to 
probes, either via the direct attachment of a phenyl B-pin group (114), or through the use 
of a self-eliminating 4-phenylboronic acid pinacol ester (115) which has previously been 
used as a ClO- probe. These two groups would both make good masking moieties for 
electron donor units typically used for the construction of TCF based fluorophores (Figure 
154). 
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   4.2.2 Synthesis of Probes 114 and 115 
The synthesis of the two probes 114 and 115 commenced with the synthesis of the TCF 
unit which was achieved through reaction of 3-hydroxy-3-methyl-2-butanone 106, 
malonitrile 105 and sodium ethanoate (NaOEt) in EtOH as solvent. The first probe (114) 
was then synthesized in one further step through coupling of 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl) benzaldehyde 116 with the TCF unit 104 using a base catalysed 
microwave assisted condensation reaction, in moderate yield. Alternatively, a coupling of 
4-hydroxybenzaldehyde 117 and TCF, though the same microwave assisted, base catalysed 
reaction, gave the phenolic-TCF product 118 in good yield (75 %). This phenol was finally 
reacted using 4-bromomethylphenylboronic acid pinacol ester 119 and K2CO3 in DMF to 
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4.2.3 Results and discussion 
Both probes 114 and 115 were then subjected to initial fluorescence analysis. This included 
an exposure to ONOO- to test the probes UV-Vis and fluorescence response, including a 
titration of the probe against an increasing concentration of ONOO-, as well as selectivity 
studies to establish any off-target interactions with other analytes and compare 115’s 
reactivity toward ClO- to ONOO-.  
 
    4.2.3.1 Fluorescence Analysis of 114 
 
114 (10 µM) was dissolved in PBS buffer (pH 8.0, 20 % DMSO) and its UV-Vis 
absorbance measured (Figure 155) which showed that there was a broad absorbance at 
400-500nm. Upon exposure to ONOO- (5 µM) the peak absorption bathochromically 
shifted over 100 nm, which was attributed to the oxidative cleavage of the B-pin group and 
self-elimination of the resultant phenol to afford the activated donor-π-acceptor TCF 
fluorophore.  
 
114 (10 µM) was then titrated against ONOO- (0-100 µM) with a dose dependent response 
Figure 155 – UV-Vis spectrum of (i) 114 (10 µM) – BLACK and (ii) 114 (10 µM) + ONOO- (5 µM) – RED. Analysis carried 
out in PBS buffer (pH 8.0, 20 % DMSO). 
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in the fluorescence of the probe being observed (Figure 156), with a maximum increase 
~6-fold at 80 µM. A small decrease in the fluorescence is observed above 80 µM ONOO- 
(Figure 157) which could be attributed to the destruction of the TCF fluorophore by excess 
ONOO-. Using this data, it was calculated that the limit of detection (LOD) was 5.6 µM 
ONOO-. 
Figure 156 – Fluorescence spectra of 114 (10 µM) and ONOO- (0-100 µM). Carried out in PBS buffer (pH 8.0, 20 
% DMSO), λex = 560 nm, slit widths ex = 10 nm and em = 15 nm. 
Figure 157 – Fluorescence intensity (I/I0) of 114 (10 µM) and ONOO- (0-100 µM). Carried out in PBS buffer (pH 8.0, 20 
% DMSO), λex = 560 nm/ λem = 606 nm, slit widths ex = 10 nm and em = 15 nm. 
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114 was then subjected to selectivity testing, involving its exposure to a selection of ROS 
species to determine how selective it was for ONOO- (Figure 158). 114 was shown to have 
very good selectivity over other ROS species, with a high specificity towards ONOO- 
which gave by-far the largest turn on (~6-fold) (Figure 159).  
Following these initial assays that confirmed the ability of these probes to detect ONOO- in 
solution, they were sent to Professor Xiao-Peng He at ECUST University, China, to be 
Figure 158 – Fluorescence spectra of 114 (10 µM), ONOO- (100 µM) and other ROS species (100 µM). Carried out 
in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm, slit widths ex = 10 nm and em = 15 nm. 
Figure 159 – Column chart for selectivity of 114 (10 µM) with 1) ONOO- (100 µM), 2) HClO (100 µM), 3) H2O2 (100 µM), 
4) KO2 (100 µM), 5) ROO• (100 µM), 6) - O2 (100 µM), 7) •OH (100 µM). Carried out in PBS buffer (pH 8.0, 20 % DMSO), 
λex 560 nm / λem 606 nm, slit widths ex = 10 nm and em = 15 nm. 
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tested in cellular experiments. Unfortunately, 114 was seen to precipitate in these in vitro 
studies and so were not studied further. This was observed through the formation of 
precipitated agglomerations of sensor.  
    4.2.3.2 Fluorescence Analysis of 115  
115 was analysed in the same set of experiments as the previous probe 114, with 115 
having been previously used for the detection of ClO-. Initially 115 was non-fluorescent, 
Figure 160 – Fluorescence spectra of 115 (10 µM) and ONOO- (0-10 µM). Carried out in PBS buffer (pH 8.0, 20 % 
DMSO), λex = 560 nm, slit widths ex = 10 nm and em = 15 nm. 
Figure 161 – Fluorescence intensity (I/IFinal) of 115 (10 µM) and ONOO- (0-10 µM). Carried out in PBS buffer (pH 8.0, 
20 % DMSO), λex = 560 nm/ λem = 606 nm, slit widths ex = 10 nm and em = 15 nm. 
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however, upon addition of ONOO- (0-10 µM) a fluorescence signal at 606 nm 
accompanied by a colour change from yellow to pink. Using this data, it was calculated 
that the LOD for 115 was 1.17 µM ONOO-. 
Selectivity studies with other ROS species were then undertaken. 115 is already known to 
react with both H2O2 and ClO
- to produce an unstable borate species that rapidly 
hydrolyses into a phenol and new boronic species. However, it was anticipated that the 
relative speeds of the reactions between ONOO-, ClO- and H2O2 would differ considerably, 
with ONOO- expected to be ~ ×103 fold faster than ClO- and ~ ×106 fold faster than H2O2. 
Based on these facts, it was expected that ClO- and H2O2 have the potential to react, but 
would not compete with ONOO-.  
To our surprise, the results of the selectivity study deviated from those predicted. Exposure 
to ONOO caused a rapid increase in fluorescence of 115. H2O2 needed ~10-fold increase in 
the concentration and 30 mins for a significant response to be recorded, while the response 
of ClO- was far less than expected (Figure 162). After some consideration, it was proposed 
that the high amount of DMSO in the buffer solution might be causing side reactivity 
issues with the ClO- species, which has been previously observed for other sensors in the 
group. 
Figure 162 – Fluorescence spectra of 115 (10 µM) and ONOO- (10 µM, 1 min), ClO- (100 μM, 30 min), H2O2 (100 μM, 30 
min), ROO• (100 μM, 30 min), -O2 (100 μM, 1 min), •OH (100 μM, 1 min). Analysis carried out in PBS buffer (pH 8.0, 20 % 
DMSO), λex = 560 nm, slit widths ex = 10 nm and em = 15 nm. 
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Consequently, 115 was assayed in a different buffer solution (PBS pH 7.4) to determine its 
response to ClO-. This showed a significantly higher response than was observed in the 
previous buffer containing DMSO and validated the previously recorded behaviour of 
probe 115 towards ClO- (Figure 163). However, the response produced by ONOO- (10 
µM, 1 min) was still significantly greater than for ClO- (100 µM, 30 min) enabling it to be 
used for the detection of ONOO- selectively (Figure 164). 
Figure 164 – Column chart for selectivity of 115 (10 µM) with 1) ONOO- (10 µM, 1 min), 2) H2O2 (100 μM, 30 min), 3) ClO- 
(100 μM, 30 min), 4) KO2 (100 µM, 30 min), 5) ROO• (100 μM, 30 min), 6) -O2 (100 μM, 1 min), 7) •OH (100 μM, 1 min). 
Analysis carried out in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm / λem 606 nm, slit widths ex = 10 nm and em = 15 nm. 
Figure 163 – Fluorescence spectra of 115 (10 µM) with addition of ONOO- (10 µM) and ClO- (100 mM). Analysis 
carried out in PBS buffer (pH 7.4), λex 560 nm, slit widths ex = 10 nm and em = 15 nm. 
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115 was sent to Professor Xiao-Peng He for cellular analysis in the presence of exogenous 
and endogenous ONOO-. 115 (10 µM) was incubated for 30 min in cell lines including 
Hep-G2: human hepatoma, HeLa: human cervical cancer, RAW 264.7: mouse macrophage 
and A549 cells: human lung cancer (Figure 165). 115 showed a clear “turn on” response 
when SIN-1 (ONOO- donor) was exogenously added to the cells. In addition, the presence 
of uric acid as a ONOO- scavenger, resulted in no “turn on” response of the probe when 
ONOO- was added. 
Figure 165 – a) Fluorescence imaging of different cell lines with 115 only, 115+ SIN-1 and 115+ SIN-1 + Uric acid. Scale bar 
= 100 µm b) Column charts of total level of fluorescence in each cell line. 115λex 560–580 nm and λem 580–650 nm. The 
cell nuclei were stained by Hoechst 33342.  
 
Page | 145  
 







The ability of 115 to detect endogenous ONOO- was then tested with RAW 264.7 cells 
incubated with 115 (10 µM) for 30 minutes and rinsed with PBS (×3). The production of 
ONOO- was then stimulated in the cells via the addition of LPS, which caused a distinct 
“turn on” response in the fluorescence of the probe. Once again, addition of uric acid 
suppressed the fluorescent response, demonstrating the ability of 115 to detect the presence 
of ONOO- in cells both exogenously and endogenously. This can be seen in the large 
increase in fluorescence in the second image (Figure 166, a) relative to the first and the 
third images. The relative levels are more easily visualised in a column chart (Figure 166, 
b). 
Figure 166 – a) Fluorescence imaging of RAW 264.7 with 115 (10 µM) only, 115 + LPS (1 µg/mL) and 115 + LPS + Uric 
acid (100 µM). Scale bar = 100 µm.  b) Column chart of total level of fluorescence in RAW 264.7 cells. 115 λex 560–580 
nm and λem 580–650 nm. The Cell nuclei were stained using Hoechst 33342.  
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A cell proliferation assay was then conducted to ensure that the probe was not toxic to 
cells. 115 was incubated at a range of concentrations (5-80 µM) in the four cell lines used 
for the cellular testing, before being subjected to MTS cell proliferation assays. These 
results showed that 115 was non-toxic in these cell lines at concentrations far greater than 
required for imaging (Figure 167). 
There is a large concentration of O2
•- in mitochondria due to the electron transport 
pathway. O2
•- can react with NO spontaneously to form ONOO-, resulting in the 
Figure 167– Column charts from the MTS cell viability study completed for 115 (10 µM) with different cell lines.   
Figure 168 – a) Fluorescence images of RAW 264.7 cells images with Mito-tracker green (1 µM), 115 (10 µM) and a merge 
of the two images. Scale bar = 20 µM. Mito-tracker green λex 489 nm, λem 506 nm. 115 λex 579 nm, λem 603 nm. b) 
Fluorescence quantification of 115 and Mito-tracker green along a selected section of the merged images. Cell nuclei 
stained using Hoechst 33342. 
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observation that mitochondria are the main source of ONOO- in macrophages.  
To further test 115’s ability to detect ONOO- in cells, its sub-cellular localisation was 
compared against commercially available mitochondria tracking imaging agent (Mito-
tracker green). 115 (10 µM) and Mito-tracker green (1 µM) were incubated in RAW 264.7 
cells and then imaged (Figure 168, a). The results of this experiment showed a high 
correlation between the localisation of activated 115 and the Mito-tracker green within the 
substructure of cells, with a Pearson correlation coefficient (PCC, a measure of the strength 
of a linear relationship) of 0.84 (Figure 168, b). This indicates that 115 is activated more 
at the mitochondria than other parts of the cell. To further confirm this, an assay to test the 
co-localisation of 115 at the lysosome (Figure 169, a) was conducted whose PCC was 
found to be far lower (0.38) (Figure 169, b).  
  4.2.4 Conclusion  
In conclusion, two long-wavelength TCF-based ONOO- probes 114 and 115 have been 
developed that show good selectivity and sensitivity for ONOO- in solution-based assays. 
114, however, showed poor solubility in cellular assays and was not further studied. 115 on 
the other hand showed good solubility in cells and was used for the detection of exogenous 
and endogenous ONOO- in four different cell lines. 115 was also found not to be toxic to 
these cell lines. A comparison with two commerically available fluorescent tracking agents 
found that 115 was most fluorescent in mitochondria, which corresponds with the higher 
concentration of ONOO- present in this organelle. This led to the publishing of a paper in 
the RSC journal “Chemical Communications”.12 
Figure 169 – a) Fluorescence images of RAW 264.7 cells images with 115 (10 µM) and Lyso-tracker DNA 26 (1 µM) a 
merge of the two images. Scale bar = 20 µM. 115 λex 579 nm, λem 603 nm, Lyso-tracker DNS 26 λex 489 nm, λem 506 
nm. b) Fluorescence quantification of 115 and Lyso-tracker DNA 26 along a selected section of the merged images. 
The cell nuclei were stained by Hoechst 33342. 
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  4.3 TCF based thiol probes 
  4.3.1 Probe design 
As explained previously (Section 2.3.1 and Section 2.5.1) Hcys, Cys and GSH are all thiol 
containing metabolites that are produced in perturbed levels in several human diseases, 
with selective sensors for their detection and quantification required.  
Hilderbrand et al. have previously developed a “turn-on” TCF probe for the detection of 
biological thiols using a reactive sulfonimide group (120, Figure 169) bound to a 
secondary amine appended with a small polyethyleneglycol (PEG) arm.11 The function of 
the PEG group was to increase the solubility of the probe under physiological conditions, 
which was successful in detecting biological thiols in 3T3 cells.  
We believed that an analogous 2,4-DNBS-ester TCF probe would not require a PEG group 
to increase its solubility. Additionally, the synthesis of the analogous ester would be much 
more tractable. Two 2,4-DNBS-TCF ester based reactive probes were targeted for the 
detection of intracellular thiols (121 and 122, Figure 170) with the presence of two 
Figure 169 – Structure of 120. 
120 
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chlorine atoms in one of the proposed probes (122) decreasing its reactivity towards 
analytes through increase of steric blocking effects from the two large chlorine atoms 
bound to the linking benzene moiety.  
 
  4.3.2 Synthesis of 121 and 122  
The synthesis of these two probes (121 and 122), commenced with an adol condensation 
reaction between 3-hydroxy-3-methyl-2-butanone, malonitrile and NaOEt in EtOH. The 
resultant TCF unit was then condensed with either 4-hydroxybenzaldehyde or 3,5-
dichloro-4-hydroxybenzaldehyde via a microwave assisted reaction, to produce the two 
intermediates 118 and 124, 72 % and 50 % respectively. Both 117 and 124 were then 
coupled with 2,4-DNBS-Cl via treatment with K2CO3 in MeCN to give the final products 
121 and 122 in 45% and 72% respectively (Scheme 11). 
121 
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  4.3.3 Results and discussion 
    4.3.3.1 Fluorescent Analysis of 121 
121 was then analysed using in solution assays for its response towards GSH, as GSH is 
the most highly concentrated intracellular thiol. Firstly, 121 (5 µM) was exposed to an 
increasing concentration of GSH (0-500 µM) (Figure 171). This showed a “turn on” 
fluorescence response towards GSH at 25 µM, however, at higher concentrations (> 50 
µM) there was a significant drop off in the intensity of the fluorescence (Figure 172). This 
Figure 171 – Fluorescence spectra of 121 (5 µM) with addition of GSH (0-500 µM) after 15 min incubation. Conducted in 
PBS buffer (pH 8.0, 30 % DMSO), λex 560 (bandwidth 15 nm). 
Figure 172 – Fluorescence intensity (I/I0) of 121 (5 µM) and GSH (0-500 µM). Conducted in PBS buffer (pH 8.0, 20 % 
DMSO), λex = 560 nm (bandwidth 15 nm) / λem = 610 nm (bandwidth 20 nm). 
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is hypothesized to be caused by side reactions between GSH and the probe, caused by the 
artificially high concentration of thiols used. Using this data, it was calculated that the 
LOD for 121 is 4.68 µM GSH. The selectivity of 121 was then tested against other thiol-
containing compounds (Hcys / Cys) and a selection of amino acids. 121 reacted with both 
Cys and Hcys, as expected; Cys produced the largest response with Hcys and GSH slightly 
lower. Selectivity against non-sulfhydryl containing amino acids was very good (Figure 
173, Figure 174). 
Figure 173 – Fluorescence spectra of 121 (5 µM) with addition of 100 µM GSH, Cys, Hcys and other amino acids after 15 min 
incubation. Carried out in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm (bandwidth 15 nm). 
Figure 174 – Column chart for (I/I0) of 121 (5 µM) with 100 µM 1) GSH, 2) Cys, 3) Hcys, 4) Negative control, 5) Pro, 6) 
Glut, 7) Ser, 8) Lys, 9) Arg, 10) Asp, 11) Phe, 12) Val, 13) Ile. Carried out in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm 
(bandwidth 15 nm) / λem = 610 nm (bandwidth 20 nm). 
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The positive results for the analysis of 121 in solution-based assays led us to attempt to 
detect biological thiols in cell-based studies. 121 was sent to Professor Juyoung Yoon, 
Ewha Womans University, Seoul, Korea, for cellular assays to be carried out. Despite 
being sensitive towards GSH in the solution-based experiments, 121 only responded in an 
“turn on” manner when exposed to Cys exogenously in HeLa cells (Figure 175). Further 
to this, upon completion of cell viability experiments (Figure 176), it was found that 121 
was toxic to the cells, breaking one of the fundamental requirements of fluorescence 
probes (Section 1.3.2), which ended the study into 121.  
Figure 175 – Cell images of 121. HeLa cells preincubated with 0.2 mM NMM for 20 min and washed with DPBS and 
incubated with 200 µM 121 for 20 min and acquired by confocal microscopy. a) 121, b) NMM + 121, c) NMM + Cys + 121, 
d) NMM + Hcys + 121, e) NMM + GSH-MEE + 121. Top: fluorescence image (λex 559 nm/ λem 575-676 nm). Bottom: 
merged image with DIC. Scale bar = 20 µm.  
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   4.3.3.2 Fluorescent Analysis of 122 
122 (5 µM) was exposed to increasing amounts of GSH (0-750 µM) with the predicted 
lower activity of 121 relative to 122 was evident from a larger concentration of GSH 
required to furnish a fluorescence response (Figure 177). Importantly, there was no 
decrease in the fluorescence intensity of 122 at the higher concentration of GSH used 
Figure 177 – Fluorescence spectra of 122 (5 µM) with addition of GSH (0-750 µM) and 15 min incubation. Carried out in 
PBS buffer (pH 8.0, 30 % DMSO), λex 560 nm (bandwidth 15 nm). 
Figure 176 – Cell viability studies of 121. Hela cells were incubated with varying concentrations of 121 for 24 h and 
assayed by MTT test. Results are a mean ± standard deviation of the three independent experiments. 
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(Figure 178). This may be due to the lower reactivity of the resultant phenolate species of 
the probe due to the presence of the two appended chlorine atoms. From this data it was 
calculated that the LOD of 122 is 1.41 µM GSH. 
The selectivity of 122 was then tested against the same selection of thiols and other amino 
acids previously used to test 122 (Figure 179 & Figure 180). This revealed that 122 gave 
Figure 178 – Fluorescence intensity (I/I0) of 122 (5 µM) and GSH (0-750 µM). Carried out in PBS buffer (pH 8.0, 20 % DMSO), 
λex = 560 nm (bandwidth 15 nm) / λem = 610 nm (bandwidth 20 nm). 
Figure 179 – Fluorescence spectra of 122 (5 µM) with addition of 100 µM GSH, Cys, Hcys and other amino acids after 15 
min incubation. Carried out in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm (bandwidth 15 nm). 
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positive results to GSH, Cys and Hcys, with negative results for all other amino acids that 















The positive results from the in-solution assays gave enough evidence to justify testing 122 
as a probe for biological thiols in cellular systems. 
122 showed a significant signal when present in normal HeLa cells, without the presence 
endogenously and exogenous thiols (Figure 181, a). This is a result of the high 
concentration of intracellular endogenous thiols that are present in most cells. When the 
cells were pre-treated with the thiol reactive N-methylmaleimide (NMM) the resultant 
reduction in the amount of free thiol in cells, resulted in a lowering of the fluorescence 
signal observed (Figure 181, b). The addition of exogenous thiol (Cys, Hcys or GSH-
Methyl ester, 200 µM) also caused a clear increase in fluorescence, demonstrating the 
ability of the probe to be used to detect the biologically relevant concentration levels of 






Figure 180 – Column chart for (I/I0) of 122 (5 µM) with 100 µM 1) GSH, 2) Cys, 3) Hcys, 4) Negative control, 5) Pro, 6) Glut, 
7) Ser, 8) Lys, 9) Arg, 10) Asp, 11) Phe, 12) Val, 13) Ile. Carried out in PBS buffer (pH 8.0, 20 % DMSO), λex 560 nm 
(bandwidth 15 nm) / λem = 610 nm (bandwidth 20 nm). 
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These results were highly encouraging and showed that the probe could be used in cells, so 
the ability of 122 to detect endogenous thiols was then tested. HeLa cells were incubated 
with 122 and imaged (Figure 182). These cells were then exposed to H2O2 (500 µM) or 
Cisplatin (200 µM) to reduce the overall level of thiols in cells. This is achieved through 
the scavenging action of GSH when exposed to ROS species (H2O2). The nucleophilic 
thiol can also react with Cisplatin, replacing one of the chlorine atoms. In both cases, there 
was a marked reduction in the fluorescence level of the probe. Subsequent addition of N-
Acetylcysteine (NAC, a GSH inducing drug) results in restoration of the fluorescence 
signal, thus demonstrating that 122 can detect endogenous changes in the levels of 
intracellular thiols in HeLa cells.  
 
Figure 181 – Cell images of 122. HeLa cells pre-incubated with 0.2 mM NMM for 20 min and washed with DPBS and 
incubated with 200 µM 122 for 20 min, with images then acquired by confocal microscopy. a) 122, b) NMM + 122, c) NMM 
+ Cys + 122, d) NMM + Hcys + 122, e) NMM + GSH-MEE + 122. Top: fluorescence image (λex 559 nm/ λem 575-676 nm). 
Bottom: merged image with DIC. Scale bar = 20 µm.  
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Cell viability studies were then undertaken for 122 to test its toxicity in cells (Figure 183). 
This showed that 122 was non-toxic to HeLa cells in the concentrations and duration 
tested. 
Figure 182 – Cell images of 122. HeLa cells preincubated with 0.2 mM NMM for 20 min and washed with DPBS and 
incubated with 200 µM 122for 20 min and images acquired by confocal microscopy. a) 122, b) NMM + 122, c) NMM + 
Cys + 122, d) NMM + Hcys + 122, e) NMM + GSH-MEE + 122. Top: fluorescence image (λex 559 nm/ λem 575-676 nm). 
Bottom: merged image with DIC. Scale bar = 20 µm.  
Figure 183 – Cell viability studies of 122. Hela cells were incubated with varying concentrations of 122 for 24 h and 
assayed by MTT test. Results are a mean ± standard deviation of the three independent experiments. 
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 4.3.4 Conclusion 
In conclusion, two TCF-based thiol probes (121 and 122) have been designed, synthesized 
and analysed in solution and in cellular studies as sensors for biologically relevant thiols. 
121 and 122 were both seen to be highly selective to the thiols in cellular systems. 121 was 
able to detect low concentrations of GSH but showed an unwanted drop in fluorescence 
intensity at higher concentrations.  122 on the other hand required a greater amount of 
GSH to turn on but showed no decrease in the level of signal at higher levels of GSH. In 
cell studies, 121 displayed poor solubility properties and was ultimately not useful for 
sensing thiols in cells. 122, on the other hand, was soluble and could be used for 
fluorescent monitoring of exogenous and endogenous thiols in HeLa cells. This work has 
led to the publishing of an article in the RSC journal “Chemical Communications”.13 
 
 4.4 Chapter conclusion  
In this chapter, four new probes for the detection of both ONOO- and intracellular thiols 
have been designed, synthesised and analysed. 114 and 115 are two boronic acid pinacol 
ester functionalised TCF probes that are both highly sensitive to ONOO- in solution. 114 
was not soluble in physiological conditions, but 115 showed favourable solubility and was 
used in cell studies. These cellular studies showed that 115 could be used to monitor 
ONOO- levels in four different cell lines, with endogenous and exogenous ONOO-, and 
even monitor the levels of ONOO- within organelles of a cell.  
121 and 122 are two new thiol reactive TCF based probes that are both sensitive and 
selective to intracellular thiols in solution. 121 was shown only to react to exogenous thiols 
in cellular experiments, and then was seen to be toxic to the cells. Alternatively, 122 was 
able to monitor the levels of endogenous and exogenous thiols in HeLa cells.  
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5.0 Conclusion and future work 
A summation of fluorescence spectroscopy and the benefits of its use have been covered in 
the first chapter. Then, mechanisms of the common types of fluorescence are detailed, 
including ICT, PET and ESIPT. A number of analytes frequently targeted within the body 
are listed, and probes that have been developed to detect them are exemplified. 
Over the proceeding chapters, a number of new fluorescent probes are designed, 
synthesised, analysed and discussed. These are split according to the main fluorescent core 
unit that was used in each. Coumarin (Chapter 2), fluorescein (Chapter 3) and TCF 
(Chapter 4) were the fluorophores that were used to build the new probes. In each of these 
chapters, a small introduction to the history of the fluorophore was given, along with their 
synthesis and examples of uses in previously developed probes. 
In the second chapter, a number of coumarin-based fluorescent MLG probes were 
developed. Firstly, a Cys/Hcys “AND” ONOO- probe 42 was developed based on the work 
by Hong et al. This probe used a reactive Bpin unit and an aldehyde to produce a 
fluorescence response. It showed good sensitivity and selectivity in solution-based assays, 
but unfortunately is was shown to form insoluble aggregates in cell-based assays and was 
not suitable for desired purpose. 
A second probe (46) was designed to detect NTR “AND” ONOO-. This probe used a 4-
nitro phenyl group and an aldehyde to as reactive groups to yield a fluorescence response. 
46 has a good response in the presence of both NTR and Hcys, as seen in the solution-
based assays. Further work on this probe, its selectivity and cellular studies are ongoing, 
with the aim of developing it to more selectively image hypoxic tissue. 
 57 was a three-input logic gate designed for the detection of ONOO-, Glut and Zn2+. It 
would achieve this by the cleavage of a Bpin unit, reaction of the probe with Glut and then 
coordination of this product with Zn2+, causing a change in fluorescence. Initial solution-
based studies show that 57 produces a sizable fluorescence response once exposed to all 
three of the analytes. Further work is needed to examine the selectivity of the probe and the 
potential use of 57 in cellular studies.  
The last coumarin based probe 73 was intended to detect ONOO- “AND” GSH / Cys or 
Hcys. This probe would react with ONOO- and be able to distinguish between the smaller 
thiols (Cys and Hcys) and GSH. However, only the precursor 74 was synthesised due to 
 




problems with solubility. However, initial results from 74 show that the compound has the 
ability to distinguish between the small thiols and GSH. Work on producing 73, the 
ONOO- sensitive probe is ongoing. Once complete, studies into its reactivity, sensitivity 
and selectivity will be conducted. 
Chapter three details fluorescein-based probes and starts with probe 90 that was developed 
for the dual detection of F- and ONOO-. -OTBDMS and Bpin groups were used as the 
reactive trigger units that would cleave upon exposure to the analytes and produce 
fluorescein, causing a fluorescence response. However, upon initial dilution of 90 into PBS 
buffer, fluorescence was observed. This was thought to be due to the high reactivity of the 
-OTBDMS group and its subsequent cleavage. Using 90 in THF for the analysis detection 
of F- and ONOO- was more successful, with a dose dependent response observed to a pre-
incubated solution of 90 and TBAF when titrated against ONOO-. The lack of application 
of the sensor under physiological conditions caused the ceasing of investigations into the 
probe. 
Two hydrazine-based probes were then investigated for sensitivity to ONOO-. 93 is the 
simplest fluorescein-hydrazide which had previous sensitivity to Cu and HClO. 93 showed 
high sensitivity to ONOO- relative to other ROS/RNS, including HClO. A benzyl group 
was attached to the primary amine to form 96 and the fluorescence response was 
investigated. This was to determine if the fluorescein hydrazine group was suitable for 
further modification into an MLG and multi-analyte detection. However, a much lower 
fluorescent response was observed in addition to a lower selectivity to other ROS/RNS. 
Work in adding secondary functionality to 96 and producing an “AND” MLG is ongoing. 
96 has many attachment points and could even be used to produce a triple input “AND” 
MLG. 
A fluorescein based ONOO- “AND” NTR probe 97 was also described. This used the 
reactive 4-nitro phenyl group used in the previous probe 46, as well as a Bpin unit. Initial 
investigations into the reactivity of 97 using Na2SO4 as reducing agent, in place of NTR, 
were unsuccessful. 97 has been sent to collaborators and we are awaiting the results from 
the analysis using NTR. 
GSH and ONOO- were targeted in probe 103, using 2,4-DNBS and Bpin reactive groups 
which cleave upon exposure, to yield fluorescein and a fluorescence response. This probe 
was seen to have an excellent response to the presence of both target analytes in solution-
 




based assays. Very high selectivity was also achieved, with very low off-target interactions 
being seen by other ROS/RNS or amino acids. Cell studies showed that the probe was also 
suitable for the detection of both these species in vitro. 103 was able to simultaneously 
detect exogenous GSH and ONOO- as well as GSH and ONOO- that was stimulated with 
SIN-1 and CA. Further work is being undertaken to attach directing groups to 103 so that 
the visualisation of specific organelles can be investigated. This work led to a publication 
in “Chemical Science”. 
Two sets of TCF based probes were developed in the TCF chapter. The first two (114 and 
115) are ONOO- probes that use the cleavage of a Bpin unit to yield an effective “push-
pull” TCF fluorophore and a large fluorescent response. 114 was an effective in solution 
sensor for ONOO-, being sensitive and selective against other ROS/RNS. However, it was 
found to be insoluble in cell-based experiments. 115 was also seen to be a highly sensitive 
and selective probe for the detection of ONOO- in solution.  
Unlike 114, however, 115 was found to be soluble under physiological conditions. It was 
used for the detection of endogenous and exogenous ONOO- in numerous cell lines and 
shown to activate in the area of the cell with high ONOO- concentration. 115 was also 
found not to be toxic via a cell viability assay. This work also led to a publication, in the 
RSC journal “Chemical Communications”. 
Development of two thiol TCF based probes were documented next. 121 and 122 used the 
2,4-DNBS group bound to TCF to furnish fluorescent responses when exposed to 
intracellular thiols. 121 was seen to have a good response to Cys, Hcys and GSH and 
soluble in cell studies, but it only responded to exogenously added GSH and was also 
found to be toxic to cells. 122 was structurally similar to 121, with the addition of two 
chlorine atoms. This probe was slightly less sensitive to thiols in solution but was not toxic 
to cells. 122 was used to monitor the levels of exogenous and endogenous thiols in cellular 
experiments. This work was also proudly published in the RSC journal “Chemical 
Communications”.  
In conclusion, a variety of new probes for the detection of biologically relevant species 
have been detailed through the course of this thesis. These probes vary in their 
effectiveness with some being found unsuitable for cell studies, while others have been 
used to monitor exogenous and endogenous levels of target analytes. This work has led to 
the publishing of three articles in reputable scientific journals.  
 




 Further work on the development of a number of these probes could allow them to be used 
as tools for the investigation or early diagnosis of disease, as well as expand the 
development of MLG’s and multi-analyte detection. New and expanded scopes and 
selectivities are being targeted in the lab, growing from work shown in this thesis and 
many more publications can be expected to result. 
 
 





 6.1 General information   
All reactions undertaken in this project were completed using standard laboratory 
conditions and good laboratory practice (GLP). Reactions were carried out in standard 
round bottom flasks (RBFs) unless otherwise stated and stirred with Teflon coated 
magnetic stir bars. Cooling was achieved either by ice bath (0 °C) or acetone and dry ice (-
78 °C). Heating was carried out on a hot plate and a dry synth with a probe to ensure 
constant temperature. Büchi B-490 rotary evaporators and reduced pressure was used to 
remove solvents and an Edwards RV-12 was used to thoroughly dry compounds before 
analysis. Inert atmospheric conditions were created using an argon filled balloon attached 
to a sealed, argon flushed RBF. Utmost attempts were made to keep all reaction containing 
fluorophores hidden from ambient light using aluminium foil. 
 
6.1.1Solvents and Reagents  
All solvents and reagents were purchased from Sigma-Aldrich Company (Merk), Alfa 
Aesar, Fisher Scientific UK and Fluorochem. All solvents and reagents were reagent grade 
in purity and used without further purification. Anhydrous solvents dried on alumina 
columns by an Innovative Technology Inc. PS-400-7 solvent purification system and oven 
dried glassware was used where dry conditions were needed. 
 
6.1.2 Thin Layer Chromatography (TLC)  
TLC was performed using Merk aluminium backed Silica plates coated with a 0.2 mm 
layer of silica (60 Å) with a fluorescent indicator F254. Visualization of the TLC plates 
was achieved using ultraviolet light, where an aromatic moeity was present, or stained with 









6.1.3 Silica Column Chromatography  
Column chromatography was undertaken using Sigma-Aldrich 60 Å silica gel (35 – 75 
μm). Conditions varied upon chemical mixture being purified and are stated for each of the 
compounds purified using this method.  
 
6.1.4 1H Nuclear Magnetic Resonance (NMR) Spectra  
Proton nuclear magnetic resonance spectroscopy (1H NMR) was recorded at 500.06 MHz 
on an Agilent ProPulse NMR spectrometer an appropriate deuterated solvent purchased 
from either Sigma Aldrich or Alfa Aesar. Proton chemical shifts (δH) are quoted in parts 
per million (PPM) and are referenced to the residual solvent peak or an internal standard of 
tetramethylsilane. Coupling constants (J) are reported in Hertz and multiplicities using 
accepted abbreviations (singlet = s, doublet = d, triplet = t, quartet = q, quintet = quin, 
multiplet = m). 
 
6.1.5 13C Nuclear Magnetic Resonance (NMR) Spectra 
Carbon thirteen (13C) nuclear magnetic resonance spectroscopy (13C NMR) was recorded 
at 125.75 MHz on an Agilent ProPulse NMR spectrometer an appropriate deuterated 
solvent purchased from either Sigma Aldrich or Alfa Aesar. Carbon chemical shifts (δC) 
are quoted in parts per million (PPM) and are referenced to the residual solvent peak or an 
internal standard of tetramethylsilane. Coupling constants (J) are reported in Hertz. 
 
6.1.6 Melting point 
Capillary melting point determinations were carried out using Büchi 535 melting point 









6.1.7 Mass Spectrometry  
High resolution mass spectroscopy (HRMS) results were typically acquired on an 
externally calibrated Bruker Daltonics micrOTOF time-of-flight mass spectrometer 
coupled to an electrospray source (ESI-TOF). Sodium formate solution was used as a 
standard for calibration. Samples were introduced using an autosampler system of an 
Agilent 1100 system. Bruker Daltonics software was used to process and analyse the data. 
The EPSRC National Mass Spectrometry Facility, Swansea University, was also used for 
MS analysis. 
6.1.8 Fluorescence Measurements 
Fluorescence Emission Measurements were performed on a BMG LABTECH CLARIO-
star® high performance Microplate reader or a Perkin-Elmer Luminescence Spectropho-
tometer LS 50B/ LS 55 B utilising Starna Silica (quartz) cuvette with 10 mm path length, 
four faces polished. For the former, samples were loaded into a 96 well flat bottom 200 µL 
black polystyrene plate. Data were collected via the MARS software and exported in the 
format of Excel files for further data analysis. For the latter, data were collected via the 
Perkin-Elmer FL Winlab software package. All solvents used in fluorescence measure-
ments were HPLC or fluorescence grade and the water was de-ionised. Further repro-
cessing of the data was carried in OriginPro 8.0 graph software. 
 
6.1.9 pH Measurement 
All pH measurements taken during fluorescence/absorption experiments were recorded on 
a Hanna Instruments HI 9321 Microprocessor pH meter which was routinely calibrated 
using Fisher Chemicals standard buffer solutions (pH 4.0 - phthalate, 7.0 - phosphate, and 
10.0 - borate). 
6.1.10 UV-Vis Measurement 
UV-Vis Absorption measurements were performed on a Perkin-Elmer Lambda 20 
Spectrophotometer, utilising Starna Silica (quartz) cuvette with 10 mm path lengths, two 
faces polished. Data was collected via the Perkin-Elmer UVWinlab software package. 
Further reprocessing of the data was carried in OriginPro 8.0 graph software. UV-Vis 
measurements were also obtained using a BMG LABTECH CLARIOstar® high 
 




performance Microplate reader, using a transparent 96-well 200 µL plate. Data collected 
via the MARS software and exported into an excel format for analysis.  
 
 6.2 Synthesis of reactive oxygen species 
6.2.1 Preparation of 1O2  
1O2 was generated by reacting H2O2 (1 mM) with NaClO (1 mM). The solution of H2O2 
was added in one portion to the aqueous solution of NaClO and stir for 2 minutes, using 
the prepared solution immediately.  
6.2.2 Preparation of ROO•  
ROO• was generated from 2, 2'-azobis (2-amidinopropane) dihydrochloride (AAPH). 
AAPH is dissolved in di-ionised water and the solution is heated to 37 °C for 30 min to 
create a stock solution.   
6.2.3 Preparation of O2
•- 
O2
•- was produced by dissolving KO2 (1 eq.) and 18-crown-6 (2.5 eq.) in DMSO (5 mL). 
This produced a superoxide stock solution.  
6.2.4 Preparation of HO• 
The hydroxyl radical was generated using the Fenton reaction. IronIII hypochlorite was 
added to a solution of H2O2 (10 eq., 37.0 wt. %). The solution changes colour to orange 
and is used immediately for analysis.  
6.2.5 Preparation of ONOO-  
Peroxynitrite was produced by the reaction of a hydrogen peroxide with sodium nitrite and 
stabilised in a basic solution. To a cooled, stirred solution of NaOH (3 M, 0°C) was added 
KNO2 (0.6 M), HCl (0.6 M) and H2O2 (0.7 M) simultaneously. The concentration of 
resultant yellow stock solution of peroxynitrite was determined by using an extinction 








6.2.6 Preparation of -OCl and H2O2  
Concentrations of stock solutions of -OCl were determined via UV/Vis analysis from the 
absorption at 292 nm using the extinction coefficient 350 cm-1 M-1. H2O2 stock solution 
concentrations were calculated in the same manner using the absorption at 240 nm and an 
extinction coefficient of 43.6 cm-1 M-1. 
 
 6.3 Synthesis  
6.3.1 Synthesis for Coumarin probes 




Umbelliferone (4 g, 22.2 mmol) was dissolved in EtOAc (100 mL) and stirred, while pyri-
dine (2 mL, 24.6 mmol) was added. Acetic anhydride (8 mL, 82 mmol) was added slowly 
and the reaction mixture stirred for 90 minutes. After consumption of starting material, the 
reaction was poured into water (200 mL) and stirred for 30 minutes. The mixture was ex-
tracted with EtOAc (3×100 mL) and the organic layer was washed with 1 M aq HCl (100 
mL), saturated aq. NaHCO3 (100 mL) and brine (100 mL), dried over MgSO4 and solvent 
removed in vacuo to yield 2-Oxo-2H-chromen-7-yl acetate (43) (4.44 g, 21.7 mmol, 98 % 
yield) with no further purification. M.p. 143-146 °C; 1H NMR (500 MHz, CDCl3) δ 7.68 
(d, J = 9.6 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.11 (d, J = 2.2 Hz, 1H), 7.05 (dd, J = 8.4, 2.2 
Hz, 1H), 6.39 (d, J = 9.6 Hz, 1H), 2.34 (s, 3H); 13C NMR (100 MHz, CDCl3)  168.6, 
160.3, 154.7, 153.4, 142.8, 128.5, 118.3, 116.1, 110.4, 21.1; I.R (thinfilm) ν max (cm-1): 
1732.20 (C=O) 1619.69 (C=O); HRMS (TOF MS ASAP+): m/z calculated for C11H9O4: 












2-Oxo-2H-chromen-7-yl acetate (43) (1.5 g, 7.35 mmol) was dissolved in trifluoroacetic 
acid (10 mL) at 0 °C and hexamethylenetetramine (1.5 g, 10.7 mmol) was added. The 
mixture was heated to reflux overnight. The solvent was then removed in vacuo and the 
residue taken up in water (30 mL). This mixture was then heated to 60 °C for 30 min then 
cooled to RT. Upon cooling a yellow precipitate formed, that was collected via filtration to 
yield 7-Hydroxy-2-oxo-2H-chromene-8-carbaldehyde (41) (0.96 g, 5.05 mmol, 69%). M.p. 
151-152 °C; 1H NMR (500 MHz, DMSOd6) δ 10.40 (s, 1H), 7.99 (d, J = 9.6 Hz, 1H), 7.84 
(d, J = 8.7 Hz, 1H), 6.93 (d, J = 8.7 Hz, 1H), 6.34 (d, J = 9.6 Hz, 1H); 13C NMR (126 MHz, 
DMSOd6) δ 191.22, 164.33, 159.51, 156.09, 144.91, 136.65, 114.35, 112.98, 111.57, 
109.62; I.R (thinfilm) ν max (cm-1): 3076.23(OH), 1726.43 (C=O), 1597.58 (C=O); HRMS 
(TOF MS ASAP-): m/z calculated for C10H5O4



















7-Hydroxy-2-oxo-2H-chromene-8-carbaldehyde (41) (100 mg, 1.05 mmol) was dissolved 
in DMF (5 mL) and K2CO3 (215 mg, 3.15 mmol) was added while stirring. 2-(4-
(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (343 mg, 1.157 mmol) was 
then added and the reaction was stirred for four hours at RT. When complete, the reaction 
was poured into water (50 mL) and stirred for 10 minutes. The mixture was filtered to 
yield a yellow solid. This solid was purified by column chromatography MeOH: DCM (5: 
95) to yield pure 2-oxo-7-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-
2H-chromene-8-carbaldehyde (42) (217 mg, 0.53 mmol, 51%). M.p. 212-216 °C; 1H NMR 
(500 MHz, CDCl3) δ 10.70 (s, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 9.6 Hz, 1H), 7.55 
(d, J = 8.8 Hz, 1H), 7.44 (d, J = 7.9 Hz, 2H), 6.93 (d, J = 8.8 Hz, 1H), 6.31 (d, J = 9.6 Hz, 
1H), 5.31 (s, 2H), 1.34 (s, 12H); 13C NMR (126 MHz, CDCl3) δ 186.66, 162.24, 159.39, 
155.78, 142.87, 138.23, 135.22, 133.81, 126.04, 114.22, 113.28, 112.80, 109.60, 83.91, 
71.13, 53.40, 24.84. M.P. 212-216 °C; I.R (thinfilm) ν max (cm-1): 1720.03 (C=O), 
1690.84 (C=O); HRMS (TOF MS ASAP+): m/z calculated for C23H23BNaO6: requires 














7-Hydroxy-2-oxo-2H-chromene-8-carbaldehyde (41) (100 mg, 1.05 mmol) was dissolved 
in DMF (5 mL) and K2CO3 (215 mg, 3.15 mmol) was added while stirring. 4-
nitrobenzylbromide (249 mg, 1.157 mmol) was then added and the reaction was stirred for 
four hours at RT. When complete, the reaction was poured into water (50 mL) and stirred 
for 10 minutes. The mixture was filtered to yield a yellow solid. This solid was 
recrystallised in MeOH/ DCM to yield pure 2-oxo-7-((4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl)oxy)-2H-chromene-8-carbaldehyde (46) (161 mg, 49%). M.p. 
238-241 °C; 1H NMR (500 MHz, DMSOd6) δ 10.55 (s, 1H), 8.27 (d, J = 8.8 Hz, 2H), 8.03 
(d, J = 9.6 Hz, 1H), 7.96 (d, J = 8.8 Hz, 1H), 7.80 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 8.9 Hz, 
1H), 6.4 (d. J = 9.6 Hz, 1H), 5.53 (s, 2H); 13C NMR (126 MHz, DMSOd6) δ 187.18, 
162.01, 159.61, 155.05, 147.58, 144.61, 144.28, 135.59, 128.46, 124.12, 114.01, 113.42, 
112.76, 110.51, 69.85; M.P. 238-241 °C; I.R (thinfilm) ν max (cm-1): 1724.05 (C=O), 1685 
(C=O), 1513 (N-O); HRMS (TOF MS ASAP-): m/z calculated for C17H12NO6
+: requires 















2,4-Dihydroxybenzaldehyde (3.0 g, 21.7 mmol), sodium propionate (4.5 g, 46.8 mmol), 
piperidine (0.4 mL) and propanoic anhydride (7.54 mL) were added to together and heated 
to reflux for 3 hrs. The resulting solution was poured into ice water (100 mL) and the 
precipitate filtered. The precipitate was taken up in ethyl acetate (50 mL), washed with 1 
M HCl (50 mL) and water (3 x 50 mL). The solution was dried with MgSO4 and 
concentrated in vacuo to afford the pure product 59 as a cream solid (1.5 g, 4.64 mmol, 30 
%). M.p. 135-137 ˚C;  1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 1.7 Hz, 1H), 7.40 (d, J = 
8.4 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 7.00 (dd, J = 8.5, 2.2 Hz, 1H), 2.61 (q, J = 7.5 Hz, 
2H), 2.19 (d, J = 1.4 Hz, 3H), 1.27 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 
172.38, 161.89, 153.68, 152.15, 138.69, 127.53, 125.15, 118.20, 117.30, 109.94, 27.70, 
17.10, 8.90; IR (thin film) ν max (cm-1) 1760.87, 1712.73 (C=O); FTMS (p ESI): m/z 
calculated for C13H12O4 requires 233.080 for [M+H]



















3-Methyl-7-propionyl-2H-chromen-2-one (59) (1.5 g, 6.46 mmol), N-bromosuccinimide 
(2.3 g, 12.9 mmol) and AIBN (0.11 g, 0.65 mmol) were added to acetonitrile and heated to 
reflux for 3 hrs. The reaction was cooled and concentrated in vacuo and diluted with DCM 
(50 mL) and washed with NaHCO3 (50 mL), water (3 x 25 mL) and brine (50 mL). The 
solution was dried with MgSO4 and solvent removed in vacuo to afford the product (60) as 
a white solid (0.99g, 3.1 mmol, 48 %). M.p. 118-120 ˚C; 1H NMR (500 MHz, CDCl3) δ 
7.84 (d, J = 0.8 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.14 (d, J = 2.3 Hz, 1H), 7.08 (dd, J = 
8.5, 2.2 Hz, 1H), 4.42 (d, J = 0.8 Hz, 2H), 2.63 (q, J = 7.5 Hz, 2H), 1.28 (t, J = 7.5 Hz, 3H); 
13C NMR (126 MHz, CDCl3) δ 159.55, 154.33, 153.53, 141.32, 128.69, 124.84, 118.74, 
116.56, 110.25, 27.73, 27.42, 25.16, 8.88. IR (thin film) ν max (cm-1) 1761.92, 1722.78 
(C=O); FTMS (p ESI): m/z calculated for C13H11O4Br requires 332.9733 for [M+Na]
+, 



















3-(Bromomethyl)-7-propionyl-2H-chromen-2-one (60) (0.8 g, 2.5 mmol) and sodium 
acetate (0.62 g, 7.5 mmol) were added to acetic anhydride (10 mL). The reaction was 
heated to reflux and monitored via TLC. Once complete, after 2 h, the reaction was cooled 
to 100 ºC and filtered while hot. Residual acetic anhydride was removed in vacuo and 
azeotroped with toluene to afford the final compound (61) as a brown solid (0.6 g, 2.17 
mmol, 71 %). M.p. 140-142 ºC; 1H NMR (500 MHz, CDCl3) δ 7.74 (q, J = 1.0 Hz, 1H), 
7.50 (d, J = 8.5 Hz, 1H), 7.13 (d, J = 2.2 Hz, 1H), 7.07 (dd, J = 8.5, 2.2 Hz, 1H), 5.06 (d, J 
= 1.2 Hz, 2H), 2.34 (s, 3H), 2.15 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 170.49, 168.61, 
159.88, 154.09, 153.12, 140.23, 128.69, 123.06, 118.59, 116.53, 110.21, 61.08, 21.10, 
20.86; IR (thin film) ν max (cm-1) 1758.51, 1741.63, 1712.10 (C=O); FTMS (p ESI): m/z 
calculated for C14H12O6 requires 299.0526 for [M+Na]



















(7-Acetyl-2-oxo-2H-chromen-3-yl)methyl acetate (61) (1.5 g, 5.4 mmol) was dissolved in 
methanol (60 mL) and cooled to 0 ºC. Potassium acetate (2.3 g, 16.3 mmol) was added and 
the reaction was left for 1 hr. The solvent was removed in vacuo and diluted with water (20 
mL). The resulting solution was acidified to pH 3 and the pure product (62) precipitated as 
a brown solid (1.1 g, 5.7 mmol, 90 %). M.p. 201-203 ºC; 1H NMR (500 MHz, DMSO-d6) δ 
10.46 (s, 1H), 7.83 (s, 1H), 7.54 (d, J = 8.4 Hz, 1H), 6.77 (dd, J = 8.5, 2.3 Hz, 1H), 6.71 (d, 
J = 2.3 Hz, 1H), 5.31 (s, 1H), 4.29 (s, 2H); 13C NMR (126 MHz, DMSO-d6) δ 160.94, 
160.61, 154.71, 138.38, 129.73, 124.72, 113.54, 111.94, 102.30, 58.57; IR (thin film) ν 
max (cm-1) 3417.87 (O-H); FTMS (p ESI): m/z calculated for C10H8O4 requires 215.0315 





















7-Hydroxy-3-(hydroxymethyl)-2H-chromen-2-one (62) (0.35 g, 1.82 mmol), 2-(4-
(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.56 g, 1.91 mmol) and 
K2CO3 (0.50 g, 3.64 mmol) were added to DMF (5 mL) and stirred overnight. The reaction 
mixture was then diluted with EtOAc (25 mL), washed with water (3 x 50 mL) and brine 
(2 x 20 mL), dried with MgSO4 and concentrated in vacuo.  The final product was purified 
using column chromatography EtOAc: Pet Ether (40:60) to afford a white solid (63) (0.246 
g, 0.74 mmol, 41 %). M.p. 198-200 ºC; 1H NMR (500 MHz, CDCl3) δ 7.86 – 7.82 (m, 2H), 
7.66 (d, J = 1.4 Hz, 1H), 7.44 – 7.41 (m, 2H), 7.39 (d, J = 8.6 Hz, 1H), 6.92 (dd, J = 8.6, 
2.4 Hz, 1H), 6.88 (d, J = 2.4 Hz, 1H), 5.15 (s, 2H), 4.58 (d, J = 1.2 Hz, 2H), 1.34 (s, 12H); 
13C NMR (126 MHz, CDCl3) δ 161.68, 161.49, 154.92, 138.92, 138.77, 135.16, 128.79, 
126.54, 124.38, 113.46, 112.85, 101.79, 83.89, 70.41, 61.32, 24.85; IR (thin film) ν max 
(cm-1): 3407.94 (O-H), 1698.17 (C=O); FTMS (p ESI): m/z calculated for C23H25BO6 















To a stirred solution of 3-(hydroxymethyl)-7-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzyl)oxy)-2H-chromen-2-one (63) (100 mg, 0.246 mmol) in dichloromethane (5 
mL) was added (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-
yl)oxidanyl (TEMPO) (7.6 mg, 0.049 mmol) and Bis(acetoxy)iodobenzene (BAIB) (118.9 
mg, 0.369 mmol). The reaction was stirred for 16 hrs at rt, then the solvent was removed, 
and purification of the crude material was achieved by column chromatography EtOAc: 
Pet Ether (40:60) to yield the pure product (57) as an off-white powder (63 mg, 0.155 
mmol, 63%). M.p. 178-181 ºC; 1H NMR (500 MHz, CDCl3) δ 10.20 (s, 1H), 8.36 (s, 1H), 
7.85 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.8 Hz, 1H), 7.42 (d, J = 8.1 Hz, 2H), 6.99 (dd, J = 
8.7, 2.4 Hz, 1H), 6.90 (d, J = 2.4 Hz, 1H), 5.20 (s, 2H), 1.35 (s, 13H); 13C NMR (126 MHz, 
CDCl3) δ 187.75, 164.71, 160.52, 157.90, 145.63, 138.06, 135.26, 132.10, 126.58, 118.49, 
114.74, 112.14, 101.96, 83.94, 70.79, 24.85; IR (thin film) ν max (cm-1): 3069.75 
(C=C=H), 1719.25 (C=O), 1596.44 (C=O); FTMS (p ESI): m/z calculated for C23H23BO6 


















A mixture of resorcinol (5.5 g, 50 mmol), malonic acid (6.15 g, 59 mmol), anhydrous zinc 
chloride (22 g, 160 mmol), and phosphorus oxychloride (20 mL) was heated with stirring 
at 60-65 ℃ for 35 h. After cooling to RT the mixture was poured into ice-water and stirred. 
The crude product precipitate was collected and dissolved in 10% sodium carbonate. An 
oily by-product was removed, and acidification of the remaining solution gave the residues 
which were recrystallized from EtOAc to yield (77) (4.859 g, 27.3 mmol, 54 %). M.p. 277-
280 °C; 1H NMR (500 MHz, DMSOd6) δ 12.25 (br, 1H), 10.49 (s, 1H), 7.61 (d, J = 8.7 Hz, 
1H), 6.75 (d, J = 8.7 Hz, 1H), 6.55 (s, 1H), 5.37 (s, 1H); 13C NMR (126 MHz, DMSOd6) δ 
167.0, 156.8, 140.1, 137.9, 131.6, 128.3, 127.9, 126.9, 119.8; I.R (thinfilm) ν max (cm-1): 
3238.46 (O-H), 3214.28 (O-H),1635.86 (C=O); HRMS (TOF MS ASAP+): m/z calculated 
for C9H6O4 : requires 178.0266 for [M-H]




















                                                               
4,7-Dihydroxy-2H-chromen-2-one (77) (200 mg, 1.12 mmol) was dissolved in DMF (1 
mL) and warmed to 30 °C for 5 minutes, phosphoryl chloride (0.26 ml, 3.05 mmol) was 
then added to the solution; stir continuously at 40 ℃ for 40 minutes. The mixture was then 
cooled to RT, poured into water (100 mL) and stirred for another hour. The precipitate was 
filtered, washed with water (30 mL) and dried in vacuo to obtain compound 73 as product 
(140 mg, 62 mmol, 56 %). M.p. 209-212 °C; 1H NMR (500 MHz, Acetone-d6) δ 10.24 (s, 
1H), 8.06 (d, J = 8.9 Hz, 1H), 7.05 (d, J = 11.3 Hz, 1H), 6.85 (d, J = 2.3 Hz, 1H); 13C NMR 
(126 MHz, Acetone-d6) δ 166.75, 162.90, 162.22, 155.86, 124.87, 112.99, 108.14, 102.42, 
88.26; I.R (thinfilm) ν max (cm-1): 3224.95 (O-H), 1721.36 (C=O); HRMS (TOF MS 



























Fluorescein (4.00 g, 11.6 mmol) and N-Phenyl bis(trifluoromethanesulfonamide) (4.2 g, 
11.6 mmol) were dissolved in anhydrous DMF (20 mL) and flushed with nitrogen. 
Diisopropylethylamine (7.4 mL) was then added and the reaction mixture was stirred for 
48 h. The reaction mixture was quenched with 1 M HCl (200 mL) and extracted with 
EtOAc (3 x 200 mL). The combined organic layers were dried with MgSO4 and 
concentrated in-vacuo to give crude material. The crude was purified via column 
chromatography EtOAc/ Pet Ether (30:70) and yielded the title compound (91) as a white 
solid (2.32 g, 4.81 mmol, 43 %). M.p. 139-142 oC; 1H NMR (300 MHz, DMSO-d6) d 
10.30 (br. s., 1 H,), 8.05 (d, J = 7.0 Hz, 1 H), 7.87 - 7.67 (m, 4 H), 7.38 (d, J = 7.5 Hz, 1 
H,), 7.24 (dd, J = 2.6, 8.9 Hz, 1 H), 7.02 (d, J = 8.9 Hz, 1 H), 6.78 - 6.72 (m, 1 H), 6.63 (s, 
2 H); 13C NMR (75.5 MHz, DMSO-d6) d 168.8, 160.2, 152.4, 151.7, 151.6, 150.0, 136.3, 
130.9, 129.6, 125.9, 125.3, 124.5, 120.7, 120.2, 117.6, 116.4, 113.8, 111.1, 109.1, 102.6, 
81.6, 60.1; I.R (thinfilm) ν max (cm-1): 3389.62 (O-H), 1736.19 (C=O); HRMS (TOF MS 
ASAP+): m/z calculated for C21H11F3O7S: requires 465.0256 for [M+H]










xanthen]-3-one (92):  
 
 
To a solution of 3'-hydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-6'-yl 
trifluoromethanesulfonate (91) (0.630 g, 1.36 mmol) in anhydrous DMF (10 mL) was 
added Bis(pinacolato) diboron (0.62 g, 2.44 mmol), KOAc (0.80 g, 8.15 mmol) and 
Pd(dppf)Cl2.DCM (0.10 g, 0.14 mmol). The mixture was degassed with N2 and heated at 
95 oC under N2 for 16 h. The reaction mixture was then cooled to rt and EtOAc (100 mL) 
and H2O (100 mL) were added. The aqueous layer was extracted with EtOAc (2 x 100 
mL). The combined organics were then washed with H2O (2 x 100 mL), brine (100 mL) 
and dried (MgSO4) and concentrated in-vacuo to afford the crude material. The crude 
material was purified via column chromatography EtOAc: Pet Ether (10:90 to 40:60) to 
afford the title compound (92) as a pale clear oil (0.15 g, 0.34 mmol, 25 %). 1H NMR (500 
MHz, CDCl3 J = 7.3 Hz, 1 H), 7.73 (s, 1 H), 7.68 - 7.59 (m, 2 H), 7.43 (d, J = 7.8 Hz, 1 H), 
7.14 (d, J = 7.3 Hz, 1 H), 6.81 - 6.76 (m, 2 H), 6.65 (d, J = 8.8 Hz, 1 H), 6.56 (dd, J = 2.2, 
8.6 Hz, 1 H), 1.36 (s, 12 H); 13C NMR (125.75 MHz, CDCl3) 170.0, 158.2, 153.4, 152.4, 
150.7, 135.2, 129.8, 129.3, 129.2, 127.2, 126.3, 125.1, 123.9, 123.5, 121.4, 112.4, 110.6, 
103.3, 84.3, 24.8, 24.8; I.R (thinfilm) ν max (cm-1): 1746.51 (C=O); HRMS (TOF MS 
ASAP+): m/z calculated for C26H23BO6: requires 442.1702 for [M+H]

















xanthen]-3-one (92) (0.140 mg, 0.316 mmol) was dissolved in DCM (5 mL) and stirred at 
0 °C. Imidazole (43 mg, 0.633 mmol) was added and stirred for 5 min. TBDMS-Cl (95 mg, 
0.633 mmol) was added and the mixture was allowed to warm to RT over three hours. 
After this time, the reaction mixture was poured into brine (50 mL) and extracted with 
EtOAc (3 × 30 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude 
mixture was then purified via flash column chromatography EtOAc: Pet Ether (30:70) to 
yield the pure product 90 (0.75 g, 0.13 mmol, 42 %). M.p. 109-111 °C; 1H NMR (500 
MHz, CDCl3) δ 8.02 (ddd, J = 7.3, 1.3, 0.8 Hz, 1H), 7.74 (d, J = 1.0 Hz, 1H), 7.67 – 7.58 
(m, 2H), 7.42 (dd, J = 7.8, 1.1 Hz, 1H), 7.15 – 7.11 (m, 1H), 6.80 (d, J = 7.8 Hz, 1H), 6.73 
(d, J = 2.4 Hz, 1H), 6.67 (d, J = 8.6 Hz, 1H), 6.53 (dd, J = 8.6, 2.4 Hz, 1H), 1.34 (d, J = 1.4 
Hz, 12H), 0.98 (s, 9H), 0.23 (d, J = 1.9 Hz, 6H); 13C NMR (125.75 MHz, CDCl3) δ 
169.48, 157.67, 134.99, 129.66, 129.28, 128.80, 127.14, 126.26, 125.06, 123.82, 123.49, 
121.54, 116.56, 111.78, 107.73, 84.15, 82.60, 29.68, 25.59, 25.01, 24.86, 24.82, 18.19, -
4.41; I.R (thinfilm) ν max (cm-1): 1743.63 (C=O); HRMS (FTMS-NSI): m/z calculated for 
C32H37BO6Si : requires 557.2530 for [M+H]












xanthen]-6'-yl 2,4-dinitrobenzenesulfonate (103): 
 
 
2,4-Dinitrobenzenesulfonyl chloride (0.089 g, 0.033 mmol) in DCM (3 mL) was added 
dropwise to a solution of 3'-hydroxy-6'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
3Hspiro[isobenzofuran-1,9'-xanthen]-3-one (92) (0.15 g, 0.34 mmol) and NEt3 (95 µL, 
0.69 mmol) in DCM (5 mL) at 0 oC. The reaction mixture was stirred at 0 oC for 2 h before 
the addition of H2O (15 mL) and DCM (15 mL). The organic layer was washed with H2O 
(2 x 10 mL), brine (10 mL) and dried (MgSO4) and concentrated in-vacuo to afford the 
crude material. The crude material was purified via column chromatography EtOAc:Pet 
Ether (30:70) to afford the title compound as a pale yellow solid (103) (0.115 g, 0.17 
mmol, 52 %). M.p. 119-122 oC; 1H NMR (500MHz, CDCl3) δ 8.67 (d, J = 2.0 Hz, 1 H, 
ArH), 8.53 (dd, J = 2.0, 8.8 Hz, 1 H, ArH), 8.25 (d, J = 8.8 Hz, 1 H, ArH), 8.03 (d, J = 7.3 
Hz, 1 H, ArH), 7.73 (s, 1 H, ArH), 7.69 - 7.62 (m, 2 H, ArH), 7.47 (d, J = 7.8 Hz, 1 H, 
ArH), 7.19 (d, J = 2.0 Hz, 1 H, ArH), 7.11 (d, J = 7.8 Hz, 1 H, ArH), 6.91 (dd, J = 2.2, 8.6 
Hz, 1 H, ArH), 6.86 (d, J = 8.3 Hz, 1 H, ArH), 6.82 (d, J = 7.8 Hz, 1 H, ArH), 1.35 (s, 12 
H, BPin); 13C NMR (125.75 MHz, CDCl3) 169.0, 153.0, 151.9, 151.1, 150.0, 149.5, 149.0, 
135.4, 134.0, 133.3, 130.2, 130.2, 129.8, 127.0, 126.7, 125.6, 125.4, 123.7, 123.4, 121.0, 
120.5, 119.2, 117.2, 111.0, 84.3, 24.9, 24.8, 24.8; I.R (thinfilm) ν max (cm-1): 1766.44 
(C=O); HRMS (FTMS-NSI): m/z calculated for C32H25BN2O12S: requires 672.1330 for 










spiro[isobenzofuran-1,9'-xanthen]-3-one (97):  
 
 
To a solution of 3'-hydroxy-6'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
3Hspiro[isobenzofuran-1,9'-xanthen]-3-one (92) (89 mg, 0.20 mmol) in DCM (5 mL) was 
added 4-nitrobenzaldehyde (41.3 mg, 0.192 mmol) and NEt3 (54 µL, 0.40 mmol). The 
reaction mixture was stirred at 0 ˚C for 3 hours, when TLC indicated completion. The 
solvent was removed from the reaction mixture and the crude material was purified via 
column chromatography EtOAc: Pet Ether (30:70) to yield the pure title compound (97) 
(72 mg, 0.124 mmol, 42%). M.p. 127-131 oC;  1H NMR (500 MHz, CDCl3) δ 8.30 – 8.21 
(m, 2H), 8.03 (dd, J = 6.6, 1.3 Hz, 1H), 7.73 (d, J = 0.8 Hz, 1H), 7.69 – 7.58 (m, 4H), 7.43 
(dd, J = 7.8, 1.0 Hz, 1H), 7.11 (dd, J = 6.6, 0.9 Hz, 1H), 6.84 – 6.72 (m, 3H), 6.68 (dd, J = 
8.8, 2.5 Hz, 1H), 5.20 (s, 2H), 1.34 (s, 12H); 13C NMR (126 MHz, CDCl3) δ 169.39, 
159.78, 153.38, 152.36, 150.58, 147.70, 143.66, 135.07, 129.78, 129.52, 129.24, 127.63, 
127.16, 126.20, 125.15, 123.90, 123.75, 123.41, 121.45, 111.96, 102.07, 84.20, 82.32, 
68.89, 24.81; I.R (thinfilm) ν max (cm-1): 1764.23 (C=O), 1521.98 (N-O), 1504.06 (N-O); 


















Fluorescein (4.00 g, 12.00 mmol) was dissolved in MeOH (250 mL). NH2NH2.OH (20 mL) 
was then added and stirred vigorously. The solution was heated to reflux for 12 hours. The 
reaction was then cooled to rt and the solvent was removed in vacuo. The product was 
recrystallised from MeOH and DCM. The solid was then collected using Buchner filtration 
and dried to yield compound (93), an off white solid (3.90 g, 93.00%). 1H NMR (500 
MHz, DMSO-d6) δ 9.05 (s, 1H), 7.91 (d, J = 7.1 Hz, 1H), 7.66 - 7.56 (m, 2H), 7.41 (dd, J = 
6.8 Hz, 3.0 Hz, 2H), 7.34 (dd, J = 5.7 Hz, 1.7 Hz, 3H), 7.13 (d, J = 7.4 Hz, 1H), 6.66 (d, J = 
2.3 Hz, 2H), 6.50 (d, J = 8.6 Hz, 2H), 6.45 (dd, J = 8.6 Hz, 2.3 Hz, 2H). 13C NMR (DMSO, 
125 MHz): δ 165.88, 158.86, 152.87, 151.99, 133.01, 129.79, 128.81, 128.32, 123.85, 
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93 (358 mg, 1.03 mmol) and Benzaldehyde (109.68 mg, 1.03 mmol) was dissolved in 
EtOH (35 mL) and AcOH (35 µL) was added to the solution and heated to reflux for 12 
hours. The reaction mixture was then cooled to rt and concentrated in vacuo. The product 
was recrystallized from MeOH and DCM and collected via filtration to produce (96) a 
beige solid (400 mg, 89.08%). 1H NMR δ 9.88 (s, 2H), 9.04 (s, 2H), 7.90 (d, J = 5.0 Hz, 
1H), 7.62 (td, J = 10 Hz, 1H), 7.58 (td, 1H), 7.41 (dd, 2H), 7.33 (dd, J = 5 Hz, 3H), 7.12 (d, 
J = 10 Hz, 1H), 6.65 (d, 2H), 6.50 – 6.43 (m, 4H). 13C NMR (DMSO, 125 MHz): δ 164.06, 
159.00, 152.69, 150.79, 149.64, 134.91, 134.43, 130.80, 129.53, 129.26, 128.46, 127.19, 

























NaOEt (0.391 g, 5.75 mmol) was added to a solution of 3-hydroxy-3-methyl-2-butanone (4 
mL, 38 mmol) and malonitrile (4.9 g, 74 mmol) in EtOH (10 mL) and stirred for 1.5 h. The 
reaction mixture was then refluxed for 1 h, which was then cooled to rt. The mixture was 
cooled, and the solid precipitate was filtered to afford the title compound (104) as a pale 
grey solid (4.92 g, 24.70 mmol, 65 %). M.p. 204 – 208 °C (decomp); 1H NMR (500 MHz, 
CDCl3) δ 2.37 (s, 3H), 1.64 (s, 6 H); 
13C NMR (75.5 MHz, CDCl3) δ 182.6, 175.2, 111.1, 
110.4, 109.0, 104.8, 99.8, 58.5, 24.4, 14.2; I.R (thinfilm) ν max (cm-1): 2232.78, 2222.00 
(CN); HRMS (FTMS-NSI): m/z calculated for C11H9N3O: requires 200.0108 for [M+H]
+, 
























Two drops of Piperidine was added to a mixture of 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzaldehyde (0.232 g, 1 mmol) and TCF (104) (0.288 g, 1.15 mmol) in 
EtOH (10 mL). The reaction mixture was heated in the microwave at 100 °C for 15 min. 
The reaction mixture was cooled and the solid was filtered off to afford the title compound 
(114) as an orange solid (0.310 g, 0.75 mmol, 75 %). M.p. 275 – 278 °C; 1H NMR (300 
MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 2 H), 7.71 - 7.59 (m, 3 H), 7.11 (d, J = 16.4 Hz, 1 H), 
1.82 (s, 6 H), 1.37 (s, 12 H); 13C NMR (75.5 MHz, CDCl3) δ 175.2, 173.7, 147.3, 135.9, 
135.7, 128.1, 115.6, 111.6, 110.8, 110.1, 100.6, 97.9, 84.4, 58.2, 26.5, 24.9; I.R (thinfilm) 
ν max (cm-1): 2231.63 (CN); HRMS (FTMS-NSI): m/z calculated for C24H24BN3O3: 



















Two drops of Piperidine were added to a mixture of 4-hydroxybenzaldehyde (0.122 g, 1 
mmol) and TCF (104) (0.228 g, 1.15 mmol) in EtOH (10 mL). The reaction mixture was 
heated in the microwave for 15 min at 100 °C, which was then cooled to rt. The solid 
precipitate was filtered off to afford the title compound (118) as an orange solid (0.218 g, 
0.72 mmol, 72 %). M.p. 202 – 206 °C (decomp). 1H NMR (300 MHz, DMSO-d6) 7.95 - 
7.73 (m, 3 H), 7.01 (d, J = 16.2 Hz, 1 H), 6.89 (d, J = 8.7 Hz, 2 H), 1.77 (s, 6 H); 13C NMR 
(75.5 MHz, DMSO-d6) δ 177.6, 176.2, 162.7, 148.7, 132.7, 126.0, 116.8, 113.3, 112.5, 
112.0, 111.6, 99.4, 96.9, 53.5, 25.7; I.R (thinfilm) ν max (cm-1): 3361.61 (O-H), 2224.73 
































(0.090 g, 0.297 mmol), 2-(4-(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.088 g, 0.297 mmol), K2CO3 (0.123 g, 0.89 mmol) and NaI (0.044 g, 
0.297 mmol) in MeCN (5 mL) was stirred overnight at rt. The reaction mixture was 
partitioned with EtOAc (50 mL) and H2O (50 mL). The organic layer was washed with 
H2O (2 x 50 mL), Brine (50 mL) and dried (MgSO4). The solvent was removed in-vacuo 
and the crude material was triturated (MeOH) to afford the title compound (115) as a red 
solid (0.073 g, 0.14 mmol, 47 %). M.p. 267 – 269 °C. 1H NMR (500 MHz, CDCl3) δ 7.88 - 
7.82 (d, J = 8.3 Hz, 2 H), 7.67 - 7.57 (m, 3 H), 7.48 - 7.40 (d, J = 8.3 Hz, 2 H), 7.05 (d, J = 
8.8 Hz, 2 H), 6.90 (d, J = 16.1 Hz, 1 H), 5.19 (s, 2 H), 1.79 (s, 6 H), 1.36 (s, 12 H); 13C 
NMR (125.5 MHz, CDCl3) δ 175.5, 174.0, 162.8, 147.2, 138.8, 135.2, 131.3, 126.9, 126.5, 
116.0, 112.5, 111.8, 111.0, 110.4, 97.4, 83.9, 70.3, 26.5, 24.8; I.R (thinfilm) ν max (cm-1): 
2227.39 (CN); HRMS (FTMS-NSI): m/z calculated for C31H30BN3O4: requires 536.2704 



















Two drops of piperidine were added to a mixture of 3,5-dichloro-4-hydroxybenzaldehyde 
(0.19 g, 1 mmol) and TCF (104) (0.20 g, 1.00 mmol) in EtOH (10 mL). The reaction 
mixture was heated in the microwave for 15 min at 100 °C, which was then cooled to rt. 
The solid precipitate was filtered off to afford the title compound (124) as a blue solid 
(0.19 g, 0.50 mmol, 50 %). M.p. > 300 °C; 1H NMR (500 MHz, DMSO-d6) δ 8.06 (s, 2 H), 
7.76 (d, J = 16.1 Hz, 1 H), 7.19 (d, J = 16.1 Hz, 1 H), 1.77 (s, 6 H); 13C NMR (125.75 
MHz, DMSO-d6) δ 177.5, 175.4, 153.2, 145.4, 130.4, 127.6, 123.3, 115.1, 113.2, 112.3, 
111.2, 99.7, 25.6; I.R (thinfilm) ν max (cm-1): 3356.50 (Br O-H), 2212.91 (CN); HRMS 


























(0.10 g, 0.33 mmol) was dissolved in DCM (5 mL) followed by the addition of NEt3 (89 
µL, 0.66 mmol). The reaction mixture was cooled to 0 oC and 2,4-
dinitrobenzenesulfonylchloride (0.11 g, 0.40 mmol) in DCM (5 mL) was added dropwise 
to the reaction mixture. The reaction was allowed to warm to rt and was stirred for a 
further 4 hrs. The solvent was removed in vacuo and the crude product was purified via 
column chromatography - EtOAc:Pet ether (20:80 to 60:40). The title compound (121) was 
isolated as an orange solid (0.08 g, 0.15 mmol, 45 %). M.p. 236 – 238 oC; 1H NMR (300 
MHz, DMSO-d6)  9.13 (d, J = 2.3 Hz, 1 H), 8.59 (dd, J = 2.3, 8.7 Hz, 1 H), 8.24 (d, J = 
8.7 Hz, 1 H), 7.99 (d, J = 8.9 Hz, 2 H), 7.87 (d, J = 16.8 Hz, 1 H), 7.32 (d, J = 8.9 Hz, 2 
H), 7.21 (d, J = 16.6 Hz, 1 H), 1.77 (s, 6 H); 13C NMR (125. 75 MHz, Acetone-d6)  
176.3, 174.4, 151.0, 144.7, 134.7, 134.0, 131.9, 131.1, 127.2, 123.0, 120.9, 117.0, 111.9, 
111.2, 110.2, 101.4, 99.1, 25.0; I.R (thinfilm) ν max (cm-1): 3100 (C-H sp2), 2229.72 (CN); 




















ylidene)malononitrile (124) (0.17 g, 0.46 mmol) was dissolved in DCM (5 mL) followed 
by the addition of NEt3 (124 μL, 0.92 mmol). The reaction mixture was cooled to 0 °C and 
2,4- dinitrobenzenesulfonylchloride (0.146 g, 0.55 mmol) in DCM (5 mL) was added 
dropwise to the reaction mixture. The reaction was allowed to warm to rt and was stirred 
for a further 4 hrs. The solvent was removed in vacuo and the crude product was purified 
via column chromatography - EtOAc:Pet ether (60:40). The title compound (122) was 
isolated as a yellow solid (0.20 g, 0.33 mmol, 72 %). M.P. 268 -272 °C; 1H NMR (500 
MHz, DMSO-d6) δ 9.12 (d, J = 2.4 Hz, 1 H), 8.70 (dd, J = 2.4, 8.8 Hz, 1 H), 8.49 (d, J = 
8.8 Hz, 1 H), 8.34 (s, 2 H), 7.76 (d, J = 16.6 Hz, 1 H), 7.44 (d, J = 16.6 Hz, 1 H), 1.80 (s, 6 
H); 13C NMR (125.75 MHz, DMSO-d6) δ 177.3, 174.2, 152.1, 148.2, 143.7, 142.6, 136.5, 
133.6, 133.4, 130.5, 129.9, 128.3, 121.6, 119.7, 112.9, 112.1, 110.7, 102.4, 100.1, 56.0, 
25.4; I.R (thinfilm) ν max (cm-1): 3112.22 (C-H sp2), 2225.72 (CN); HRMS (FTMS-NSI): 
m/z calculated for C24H13Cl2N5O8S: requires 623.9754 for [M+Na]
+, found 623.9761 
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 7.2 Published Papers 
Three papers have been published on some of the works contained within this thesis. They 
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Appendix 
Chapter Seven 
 
